DOE/NASA/OOI 2-78/1 VOL. 2 
EPR I RP1 082-1 
NASA CR-1 59411 
GE78TMP-60, VOL. 2 


CONCEPTUAL DESIGN OF 

THERMAL ENERGY STORAGE SYSTEMS FOR 

NEAR TERM ELECTRIC UTILITY APPLICATIONS 

VOLUME TWO: APPENDICES - SCREENING OF CONCEPTS 


W. Hausz, B.J. Berkowitz, and R.C. Hare 
General Electric Company— TEMPO 


October 1978 

(NAS A-CR- 1594 11-Vol-2} CONCEPTUAL DESIGN OF N79-13497 

THERMAL ENERGY STORAGE SYSTEMS FOE NEAR TEEM 
ELECTRIC UTILITY APPLICATIONS. VOLUME 2: 

APPENDICES - SCREENING OF CONCEPTS (General Unclas 

Electric Co.) 144 p HC A 07/ME A01 CSCL IOC G3/44 39371 


Prepared for 

National Aeronautics and Space Administration 
Lewis Research Center 
Under Contract DEN 3-12 


for 

U.S. DEPARTMENT OF ENERGY 
Office of Energy Technology 
Division of Energy Storage Systems 

and 

ELECTRIC POWER RESEARCH INSTITUTE 



NOTICE 


This report was prepared to document work sponsored by the 
Electric Power Research Institute, Inc. (EPRI) and the United 
States Government. Neither EPRI nor the United States nor its 
agent, the United States Department of Energy, nor any EPRI 
or Federal employees, nor any of their contractors, subcon- 
tractors, or their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product or process disclosed, or represents that its 
use would not infringe privately owned rights. 



DOE/NASA/OOI 2-78/1 VOL 2 
EPRI RP1082-1 
NASA CR -1594 11 
GE78TMP-60, VOL 2 


CONCEPTUAL DESIGN OF 

THERMAL ENERGY STORAGE SYSTEMS FOR 

NEAR TERM ELECTRIC UTILITY APPLICATIONS 

VOLUME TWO: APPENDICES- SCREENING OF CONCEPTS 

W. Hausz, B-.J. Berkowitz, and R.C. Hare 
General Electric Company— TEMPO 
’Santa Barbara, California 93101 


October 1978 


Prepared' for 

National Aeronautics and Space Administration 
, Lewis Research Center 
Cleveland, Ohio- 441,35 
Under Contract DEN 3-12 


For 

U.S.iDEPARTMENT OF ENERGY 

Office of Energy Technology 

Division of Energy Storage Systems 

Washington, D.C. 20545 

Under Interagency Agreement EC-77-A-31-1034 

and 

ELECTRIC POWER RESEARCH INSTITUTE 

Palo Alto, California 94303 



CONTENTS 


Page 

APPENDIX 

A BIBLIOGRAPHY AND CROSS REFERENCES A-l 

Sources A-l 

References — Numerical Listing A-2 

References — Alphabetical Listing A-7 

References — Subject Area A-38 

Applications A-38 

Containment A-39 

Heat Exchangers A-39 

Heat Transfer Fluids A-40 

Media A-41 

Patents A-44 

Steam Power Plants A-44 

Surveys, References, and Overviews A-45 

Thermocline A-46 

Utility Operations A-46 

B TAXONOMY - PROPONENTS AND SOURCES B-l 

Sources of Heat B-2 

Storage Media B-3 

Containment B-5 

Utilization B-6 

C CONCEPT DEFINITIONS C-l 

Concept Definition #1 K C-2 

Variant 1 .1 C-5 

Variant 1.2 C-8 

Variant 1 ,3 C-l 1 

Concept Definition #2 C-l 3 

iii 



CONTENTS (continued) 


Appendix Page 

C Concept Definition #3 C-15 

Variant 3.1 C-18 

Concept Definition #4 C-21 

Concept Definition #5 C-22 

Concept Definition #6 C-24 

Concept Definition #8 C-26 

Concept Definition #21 C-28 

Variant 21.1 C-31 

Concept Definition #22 C-32 

Concept Definition #23 C-35 

Variant 23.1 C-38 

Concept Definition #24 C-39 

Concept Definition #25 C-41 

Concept Definition #26 C-44 

Concept Definition #27 C-47 

Concept Definition #28 C-49 

Concept Definition #30 C-50 

Variant 30.] C-51 

Variant 30.2 C-52 

Variant 30.3 C-53 

Concept Definition #31 C-55 

Concept Definition #32 C-56 

Concept Definition #33 C-58 

Concept Definition #35 C-60 

Concept Definition #41 C-62 

Concept Definition #42 C-65 

Variant 42.1 C-67 

Concept Definition #43 C-68 

Concept Definition #45 C-70 

Concept Definition #46 C-72 

Concept Definition #47 C-74 


iv 



CONTENTS (continued) 


Appendix 

C Concept Definition 

Variant 48.1 
Concept Definition 
Concept Definition 

Prvnr'Qnf PIq-Ft n T *f* 1 nn 



Page 

#48 

C-77 


C-80 

#49 

C-82 

#50 

C-84 


C-85 


V 



APPENDIX A 

BIBLIOGRAPHY AMD CROSS REFERENCES 


SOURCES 

An extensive bibliography of source material has been related to 
the thermal energy storage concepts and to the utility systems into 

t 

which they are to be applied. Sources include the Energy Research and 
Development Administration (ERDA)/Department of Energy (DOE) contract- 
tors, National Aeronautics and Space Administration-Lewis Research 
Center (NASA-LeRC), and Electric Power Research Institute (EPRI) con- 
tractors, and computer searches of the literature. The reports were 
logged as they were received, and assigned a file number chronologi- 
cally, which has been used during the course of the project. There 
are various possible ways to access this list. The basic listing given 
on the follovn'ng pages is alphabetically by lead author (or by issuing 
organization w hen no author is given). The original log numbers have 
been retained and are used in the text. 

For ready cross-referencing, three forms of listing are given in 
this sequence: 

• Numerical Listing 

• Alphabetical Listing 

• Subject Area 


A-l 



REFERENCES - NUMERICAL LISTING 
Reference 


Number 

Citation 

1 

-American Hydrotherm Corp. , 1976 

2 

Barnstaple, Kirby, and Wilson, 1976 

3 

Barnstaple, Kirby, and Wilson, 1977 

4 

Beckmann, 1976 

5 

Beckmann and Gilli, 1976 

6 

Bechtel, 1976 

7 

Bechtel, 1977 

8 

Bechtel, 1977 

9 

Birchenall, Riechman, and Harrison, 1977 

10 

Blackshear, et al , 1977 

11 

Bligh, 1977 

12 

Boeing, 1976 

13 

Boeing, 1976 

14 

Brown and Down, 1976 

15 

Bundy, Herrick, and Kosky, 1976 

16 

Cahn and Nicholson, 1974 

17 

Cahn and Nicholson, 1976 

18 

Cantor, 1977 

19 

Carlson and Clayton, 1977 

20 

Chahroudi, 1977 

21 

Chilenskas, 1977 

22 

Chubb, Nemecek, and Simmons, 1977 

23 

Coastal Chemical Co., n.d. 

24 

Coastal Chemical Co., 1977 

25 

Cohen, 1977 

26 

Collins and Davis, 1976 

27 

Doi, 1965 

28 

Dooley, et al, 1977 

29 

Dullea and Maru, 1977 

30 

Du Pont, 1976 

31 

ECEC, 1976 

32 

Edie, Melsheimer, and Mullins, 1977 

33 

Eichelberger, 1977 

34 

Exxon, 1977 

35 

Ferrara, 1977 

36 

Ferrara, Haslett, and Joyce, 1977 

37 

Fox, Fuller, and Silverman, 1977 

38 

GE, 1977 

39 

Gilli and Beckmann, n.d. 

40 

Gilli and Beckmann, 1974 

41 

Gilli and Beckmann, 1975 

42 

Gilli and Beckmann, 1976 

43 

Gilli and Beckmann, 1976' 

44 

Gilli and Beckmann, 1977 

45 

Gilli, Beckmann, and Schilling, 1977 

46 

Goldenberg, 1977 

47 

Guha, et al, 1977 


A-2 



Reference 


Number 

Citation 


48 

Hardy, et al , 1977 


49 

Hausz, 1977 


50 

Haydock, 1974 


51 

Honeywel 1 , 1977 


52 

Horsthemke and Marschall , 1976 


53 

Huntsinger, et al , 1976 


54 

Kauffman, 1976 


55 

Kauffman and Kyllonen, 1977 


56 

Kosky, 1975 


57 

Kranebitter, 1977 


58 

Lane, 1977 


59 

Lindner, 1977 


60 

Margen, 1971 


61 

Martin Marietta, et al , 1977 


62 

Hal let and Gervais, 1977 


63 

McGill, 1977 


64 

Mehrkam, 1968 


65 

Monsanto, 1975 


66 

Nicholson and Cahn, 1976 


67 

O' Callaghan, Jones, and Probert, 

1976 

68 

Pfannkuch and Edens, 1977 


69 

Pieper, 1977 


70 

Pollock, 1977 


71 

Poulis and Massen, 1965 


72 

PSE&G, 1976 


73 

Quick, 1977 


74 

R & D Associates, n.d. 


75 

R & D Associates, 1977 


76 

Riaz, 1977 


77 

Riaz, 1977 


78 

Riaz, 1977 


79 

Riaz, 1977 


80 

Riaz, Blackshear, and Pfannkuch, 

1976 

81 

Ridgway and Dooley, 1976 


82 

Rubero, 1964 


83 

Salyer, et al , 1977 


84 

Schmidt, 1977 


85 

Selz, 1977 


86 

Solomon, 1977 


87 

Strafford, 1969 


88 

Total Energy Congress, 1976 


89 

Tsang, 1977 


90 

Tuller, 1954 


91 

Turner, 1977 


92 

United Engineers, 1977 


93 

United Engineers, 1977 


94 

Unsworth, 1975 


95 

Vrable and Quade, 1977 




Reference 


Number 

Citation 

96 

Warman and Molz, 1977 

97 

Watson, et al , 1972 

98 

Clark, 1977 

99 

Katter, 1977 

TOO 

Katter, 1977 

101 

Poole and Smith, 1977 

102 

Chubb, 1976 

103 

Chubb, Nemecek, and Simmons, 1977 

104 

Nemecek, Simmons, and Chubb, 1976 

105 

Inter sciences 1965 

106 

Bramlette, et al , 1976 

107 

Dow Chemical, 1977 

108 

Meyer, Hausz, et al , 1976 

109 

Shah, 1977 

no 

Silverman and Engel, 1977 

111 

Anderson , et al , 1975 

112 

Brum! eve, 1977 

113 

Bush, et al , 1976 

114 

FEA, 1975 

115 

Fischer, et al , 1975 

116 

Gardner, 1976 

117 

Gilli and Fritz, 1970 

118 

Glenn, et al , 1976 

119 

Golibersuch, et al , 1975 

120 

Gordian Associates, 1975 

121 

Hausz, 1976 

122 

Korsmeyer, 1972 

123 

Kreid, 1977 

124 

Lameshire, Lezberg, and Morris, 1959 

125 

Meyer, et al , 1972 

126 

NATO, 1976 

127 

NATO, 1976 

128 

Qvale, 1976 

129 

Rogers and Larson, 1974 

130 

Stephens, 1977 

131 

Tsang, et al , 1976 

132 

Ferrara, et al , 1977 

133 

Lowe and Joyce, 1976 

134 

GE-AEP, 1977 

135 

Haywood, 1974 

136 

Haywood, 1974 

137 

Keenan, 1932 

138 

MIT, 1977 

139 

Schmidt, 1977 

140 

Acres American, 1976 

141 

Beckmann, Fritz, and Gilli, 1974 

142 

Goldstern, 1974 

143 

Willyoung, 1975-Present 


A-4 



Reference 

Number 

Citation 

144 

Masica, 1977 

145 

Keenan, 1951 

146 

Bundy, n.d. 

147 

Van Vechten, 1974 

148 

Siempelkamp, 1975 

149 

Bundy and Hanneman, 1973 

150 

Collins, 1977 

151 

Givoni, 1977 

152 

Glendenning, 1975 

153 

Glendenning and Grant, 1977 

' 154 

Hanneman, Palmer, and Vedder, 1 

155 

Selz, 1978 

156 

Margen, 1971 

157 

Rocket Research, 1976 

158 

Dow Corning, n.d. 

159 

Janz, et al , 1976 

160 

Rensselaer Polytechnic, 1976 

161 

Kal hammer and Schneider, 1976 

162 

Maru, et al , 1977 

163 

Maru, Dullea, and Huang, 1976 

164 

Bitter! ich, 1977 

165 

Cahn, 1975 

166 

Eidgenossischen Instituts, 1976 

167 

Engineering Foundation, 1977 

168 

Stephens, 1976 

169 

Collins, n.d. 

170 

Guha and Henderson, 1978 

171 

Selz, 1978 

172 

EPRI , 1977 

173 

Bitterlich and Brandes, 1977 

174 

Brandes and Gulicher, 1977 

175 

GUI i cher, 1977 

176 

Honeywell, 1976 

177 

McDonnell Douglas, 1977 

178 

Raetz, Easton, and Holl , 1975 

179 

Konig, 1972 

180 

Turner, 1978 

181 

Awaya, 1978 

182 

Closner, 1978 

183 

Alexander and Hinden, 1947 

184 

Kirst, Nagle, and Castner, 1940 

185 

USSR Compilation, n.d. 

186 

Alvis, 1977 

187 

Alvis and Alcone, 1976 

188 

Beckmann and Gilli, 1972 

189 

Beckmann and Gilli, 1973 

190 

Bell , 1969 

191 

Bundy, 1973 


A-5 



Reference 


Number 

Citation 

192 

Gil 1 i , 1971 

1-93 

Hub, 1957 

194 

Kelso, 1963 

195 

Margen, 1970 

196 

Nurenberg and Solff, 1968 

197 

Schwarzenbach, 1967 

198 

Fried, 1973 

199 

Pierce, Spurrier, and Wright, 1977 

200 

Greenstreet, et al, 1977 

201 

Chevalley, 1977 

202 

Furrer, 1976 

203 

Pinto, 1975 

204 

Taube, 1974 

205 

Taube, 1974 

206 

Taube and Pinto, 1976 

207 

Taube, 1977 

208 

Taube, 1978 

209 

Gflli, 1971 

210 

Pacault, 1973 

211 

UnTted Engineers, 1977 

212 

United Engineers, 1977 

213 

Chubb, Nemecek, and Simmons, 1978 

214 

Nemecek, Simmons, and Chubb, 1978' 

215 

Perry and Chilton, 1973 

216 

Guthrie, 1974 

217 

O'Hara and Howell, 1978 

218 

Janz, et al , 1968 

219 

Janz, et al , 1972 

220 

Janz, et al , 1975 

221 

Janz, Tomkins, and Allen, 1975 

222 

Glendenning, 1978 ' 

223 

Gilli, 1978 

224 

Beverly, Engle, and Mahony, 1977 

225 

Dayan, Foss, and Lynn, 1977 

226 

Eichelberger and Gillman, 1977 

227 

Marianowski and Maru, 1977 

228 

Swisher and Kelley, 1977 

229 

Zaininger, et al , 1977 

230 

Maru, et al , 1978 

231 

Anson, 1977 

232 

CEGB, 1971 

233 

Power Engineering, 1978 

234 

Bounin, 1977 

235 

Ostendorf, 1977 

236 

Kays and London, 1964 

237 

0RNL, 1977 

A- 6 




REFERENCES - ALPHABETICAL LISTING 

Reference 

Number 


Acres American Incorporated, Candidate T.E.S. Systems and 
Materials; Energy Storage Containment Options; and Transfer 
System Aspects, Proposal extract, Consulting Engineers, 

Buffalo, New York, 1976, pp 21-35. 140 

Alexander, J., Jr., and S.G. Hinden, "Phase Relations in Heat 
Transfer Salt Systems," Industrial and Engineering Chemistry, 

Vol . 39, No. 8, 1947, pp 1044-1049. 183 

Alvis, Robert L., Solar Irrigation Program — Status Report, 

October 1976 through January 1977, SAND77-0380, Sandia 
Laboratories, Albuquerque, New Mexico and Livermore, 

California, April 1977. 186 

Alvis, Robert L., and Jerry M. Alcone, Solar Powered Irriga- 
tion System, SAND76-0358, Sandia Laboratories, Albuquerque, 

New Mexico and Livermore, California, September 1976. 187 

American Hydrotherm Corporation, Hydrotherm Salt Dilution 
Systems, Data Sheet No. 16R, New York, New York, 

October 1976. 1 

Anderson, T.D., et al , An Assessment of Industrial Energy 
Options Based on Coal and Nuclear Systems , 0RNL-4995, Oak 
Ridge National Laboratory, Reactor Division, Oak Ridge, 

Tennessee, July_1975. Ill 

Anson, Don, Availability of Fossil-Fired Steam Power Plants, 

Special Report EPRI FP-422-SR, Electric Power Research 
Institute, Palo Alto, California, June 1977. 231 

Awaya, Henry I., Written description "of the Steel Square Slab 
Thermal Storage Concept, Jet Propulsion Laboratory, Cali- 
fornia Institute of Technology, Pasadena, California, 

February 13, 1978. 18"! 


A-7 



Barnstaple, A.G., J.J. Kirby, and J.E. Wilson, Underground 
Thermal Energy Storage, Final Draft Report, Ontario Hydro, 
Toronto, Ontario, Canada, December 1976. 

Barnstaple, A.G., J.J. Kirby, and J.E. Wilson, Underground 
Thermal Energy Storage, Report 77113, Ontario Hydro, Energy 
& Environmental Studies Department, Toronto, Ontario, 

Canada, July 1977. 

Bechtel Corporation, Retrofitted Feedwater Eeat Storage for 
Steam Electric Rower Stations Reaking Power Engineering 
Study, CONS/2863-1; Final Report prepared for ERDA; Bechtel 
Corporation, Research and Engineering, San Francisco, 
California, October 1976. 

Bechtel Power Corporation, Coal-Fired Power Plant Capital Cost 
Estimates , EPRI AF-342, San Francisco, California, 

January 1977. 

Bechtel Power Corporation, Combined Cycle Power Plant Capital 
Cost Estimates, EPRI Project 77-402 Final Report, San 
Francisco, California, July 1977. 

Beckmann, Georg, "Die Entladekapazitat von Gefallespeichern" 
("The Capacity of Varying Pressure Steam Accumulators"), 

Pie Warme, 82, 'Heft 6, 1976, pp 110-117. 

Beckmann, G. , K. Fritz, and P.V. Gilli, "Thermal Power Storage 
for the Economic Generation of Peak Power by Nuclear Power 
Plants" (English translation of German article), 

VDI Berlchte, No. 223, 1974, pp 21-31. 

Beckmann, Georg, and Paul Viktor Gilli, Steam Power Plants ; 
United States Patent No. 3,818,698, issued June 25, 1974; 
Waagner-Biro Aktiengesel schaft, Vienna, Austria, filed 
August 31 , 1972. 



Reference 

Number 


Beckmann, Georg, and Paul Viktor Gilli, Thermal Power Plants; 

United States Patent No. 3,890,789, issued June 24, 1975; 

Waagner-Biro Aktiengeselschaft, Vienna, Austria, filed 

December 6, 1973. 189 

Beckmann, G., and P.V. Gilli, "Thermal Energy Storage Lends 
More Flexibility to Thermal Power Stations," Proceedings , 

NATO Science Committee Conference on Thermal Energy Storage , 
Turnberry, Scotland, lst-5th March 1976. 5 

Bell, Alan, Power Plants; United States Patent No. 3,724,212, 
issued April 3, 1973; Foster-Wheeler John Brown Boilers 
Limited, London, England, filed November 26, 1969. 190 

Beverly, W.D., W.W. Engle, and F.O. Mahony, "Integration of 
High Temperature Thermal Energy Storage into a Solar Thermal 
Brayton Cycle Power Plant," Paper 779192, Proceedings , 12th 
Intersociety Energy Conversion Engineering Conference, Vol . 2 , 
pp 1195-1202, Washington, D.C., August 28-September 2, 1977. 224 

Birchenall, C.E., Alan F. Riechman, and Andrew J. Harrison, 

Alloy Thermal Storage Media, Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatlinburg, 
Tennessee, September 29-30, 1977; University of Delaware, 

1977. 9 


Bitterlich, E., "Bildung von Speicherwarme mittels 

Entnahmedampf in Lastsenken und deren Nutzung in Spitzen- 
belastungszeiten," Brennst.-Wdrme-Kraft 29, No. 2, 

February 1977, pp 51-58. 164 

Bitterlich, Eberhard, and Hermann Brandes, Kraftwerksprojekt 
sur Heisswasserspeicherung, Deutsche Babcock AG, Krefeld, 

Federal Republic of Germany, January 9, 1977. 173 

Blackshear, P.L., Jr., P. Emerson, B.R. Baliga, and M. Riaz, 

"Gravel -Filled Trenches in Earth for Annual Thermal Energy 
Storage," 1977 ISES Meeting, Orlando, Florida, Vol. 1, 

June 1977, pp 16.16 - 16.19. 10 


A- 9 



Reference 

Number 


Bligh, T.P., "Thermal Energy Storage in Large Underground 
Systems and Buildings," Proceedings , Rockstore 1977 
Conference, Stockholm, Sweden, September 1977. 11 

Boeing Engineering and Construction, Advanced Thermal Energy 
Storage (TES) Systems , Interim Summary Report, Research 
Project 788-1, Seattle, Washington, 1976. 12 

Boeing Engineering and Construction, Technical and Economic 
Assessment of Phase Change and Thermochemical Advanced 
Thermal Energy Storage (TES) Systems, Volume I: Technical 

Report, Volume II: Phase Change TES Sizing Computer Pro- 
gram, Volume III: Thermochemical TES Sizing Computer Pro- 
gram, Volume IV: Solar Power Plant Operation Analysis 

Computer Program, EPRI EM-256; Prepared by Boeing for the 
Electric Power Research Institute; Seattle, Washington, 

December 1976. 13 

Bounin, Dr. , design. Analysis and Detailing of the Hot- 
Working Cast Iron Pressure Vessel (PCIV); Presented at the 
Vortrag SMiRT-Konferenz, San Francisco, California, August 
1977; Siempelkamp .Giesserei GmbH & Co., Krefeld, Federal 
Republic of Germany, 1977. 234 

Bramlette, T.T., et al , Survey of High Temperature Thermal 
Energy Storage, Sandia Livermore Laboratories, Albuquerque.,. 

New Mexico, March ’1976. 106 


Brandes, H. s and’'L. Gijlicher, "Einsatz von Heigwasserspeichern - 
in Kraftwerken zur Deckung der elektrischen Spitzenlast und., 
des Fernwarmebedarfs , " VDI-Berichte, No. 288, 1977, 
pp 145-151. 174 

Brown, A., and S. Down, "Melting and Freezing Processes as a 
Means of Storing Heat," (e) IMechE, Paper C57/76, 1976, 
pp 157-163. 14 

Bruraleve, T.D., Persona 1 ! Communication, Solar Energy Technol- 
ogy Division, Sandia Livermore Laboratories, Livermore, 

California, April 1977. 112 


A-10 





Bundy, F.P., Materials and Systems for Thermal Energy Storage 
at Medium to High Temperatures , General Electric Co.- 
Corporate Research and Development, Schenectady, New York. 

Bundy, Francis P., Power Generating Plant with Nuclear 
Reactor/Heat Storage System Combinations ; United States 
Patent No. 3,848,416, issued November 19, 1974; General 
Electric Co., Schenectady, New York, filed May 23, 1973. 

Bundy, F.P., and R.E. Hanneman, Large Seale Heat Storage 
System for Adapting a Steady-State Nuclear Reactor to a 
Power Generating Plant with Daily Cyclic Loadj Memo Report 
M0R-73-057, General Electric Co. -Corporate Research and 
Development, Inorganic and Structures Branch, Physical 
Chemistry Laboratory, Schenectady, New York, April 1973. 

Bundy, F.P., C.S. Herrick, and P.G. Kosky, The Status of 
Thermal Energy Storage , 76CRD041 , General Electric Co.- 
Corporate Research and Development, Schenectady, New York, 
April 1976. 

Bush, J.B., et al , Economic and Technical Feasibility Study of 
Compressed Air Storage ; Final Report prepared for the U.S. 
Energy Research and Development Administration, Office of 
Conservation, Contract E(ll-1 ) -2559 ; General Electric Co.- 
Advanced Energy Programs Operation, Schenectady, New York, 
March 1976. 


Reference 

Number 


146 


191 


149 


15 


113 


A-ll 



Cahn, Robert P., and Edward W. Nicholson, Energy Storage by 
Means of Low Vapor Pressure Organic Heat Retention Materi- 
als Kept at Atmospheric Pressures United States Patent No. 
3,998,695, issued December 21, 1976; Exxon Research and 
Engineering Company, Linden, New Jersey, filed December 16, 
1974. 

Cahn, R.P., Hot Oil Energy Storage System , CRF.1BZ.75, Exxon 
Research and Engineering Company, Linden, New Jersey, 

June 25, 1975. 

Cahn, Robert P. , and Edward W. Nicholson, Storage of Off-Peak 
Thermal Energy in Oil , IEEE Paper A 76 326-9, Presented at 
the IEEE PES Summer Meeting, Portland, Oregon, July 18-23, 
1976, 6 pp. 

Cantor, Stanley, Thermophysical Properties and Behavioral 
Characteristics of Phase-Change Materials , Project Summary; 
Prepared for ERDA-STOR Thermal Energy Storage (TES) Program 
Second Annual TES Contractor's Information Exchange Meeting, 
Gatl inburg, Tennessee, September 29-30, 1977; Oak Ridge 
National Laboratory, Oak. Ridge, Tennessee, 1977. 

Carlson, J.A., and J.L. Clayton, Research on Energy Storage 
for Solar Thermal Conversion, Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage [TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatl inburg, 
Tennessee, September 29-30, 1977; Xerox Electro-Optical 
Systems, Pasadena, California, 1977. 

(CEGB) Central Electricity Generating Board, Modem Power 
Station Practice, Volume 3: Mechanical CTurbines and 

Auxiliary Equipment) , Pergamon Press, Braunschweig, Hungary, 
1971. 


A-12 


Reference 

Number 

16 

165 

17 

18 

19 

232 



original page ® 

OF POOR QUALITY 

Reference 

Number 

Chahroudi , Day, Thermocrete and Thermotile Building Components 
with Isothermal Heat Storage, Program Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatl inburg, 

Tennessee, September 29-30, 1977; Suntek Research Associates, 

Corte Madero, California, 1977. 20 

Che valley, B., Tag - Nacht Energiespeieherung beim KKW durch 
das SALAMO-System, Memo No. 241, Eidgenossischen Instituts 
fur Reaktorforschung, W'urenl ingen, Switzerland, 20 pp, 

22 December 1977. 201 

Chilenskas, A. A. , Thermal Storage for Highway Vehicle Propul- 
sion, Project Summary; Prepared for ERDA-STOR Thermal Energy 
Storage (TES) Program Second Annual TES Contractor's Informa- 
tion Exchange Meeting, Gatl inburg, Tennessee, September 29-30, 

1977; Argonne National Laboratory, Argonne, Illinois, 1977. 21 

Chubb, Talbot A., Energy Storage Tank; Presented to the 5 MW 
Solar Tower Symposium, Houston, Texas, May 1976; E.0. Hulburt 
Center for Space Research, Naval Research Laboratory, 

Washington, D.C., 1 June 1976. 102 

Chubb, T.A., J.J. Nemecek, and D.E. Simmons, “Energy Storage- 
Boiler Tanks: Boiler Design, Materials Compatibility Tests," 

Proceedings of the 1977 Annual Meeting, American Section of 
the Interimtional Solar Energy Society; Volume One: Solar 

Radiation Storage Energy Conversion, Orlando, Florida, 

June 6-10, 1977, pp 18-10-18-11. ' ' 103 

Chubb, T.A., J.J. Nemecek, and D.E. Simmons, Energy Storage 
Boiler Tank, Progress Report , Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatlinburg, 

Tennessee, September 29-30, 1977; Naval Research Laboratory, 
Washington, D.C., 1977. 22 

Chubb, T.A., J.J. Nemecek, and D.E. Simmons, "Application of 
Chemical Engineering to Large Scale Solar Energy," Solar 
Energy, Vol . 20, No. 3, 1978, pp 219-224. 213 


A-T3 



Reference 

Number 


Clark, E. Charles, Sulfuric Acid/ Water Integrated Chemical 
Energy- Storage System , Project Summary; Prepared for ERDA- 
STOR Thermal Energy Storage (TES) Program Second Annual TES 
Contractor's Information Exchange Meeting, Gat! inburg, 

Tennessee, September 29-30, 1977; Rocket Research Company, 

Redmond, Washington, 1977. 98 

Closner, J.J., personal communication. Preload Technology, 

Inc., February 1978. 182 

Coastal Chemical Company, Turnkey Services: Expertise, Labor , 

Equipment, Chemical Cleaning, Beat Transfer Salt Handling, 
Logistics, and Products, Brochure, Abbeville, Louisiana. 23 

Coastal Chemical Company, Du Pont HITEC Salt, Price Data 
Sheet, Abbeville Oil Center, Abbeville, Louisiana, 

September 28, 1977. 24 

Cohen, Barry M. , Development of a Phase Change Thermal Energy 
Storage Unit Utilizing Modified Anhydrous Sodium Hydroxide, 

Project Summary; Prepared for ERDA-STOR Thermal Energy 
Storage (TES) Program Second Annual TES Contractor's Infor- 
mation Exchange Meeting, Gatlinburg, Tennessee, September 
29-30, 1977; Comstock & Westcott, Inc., Cambridge, 

Massachusetts, 1977. 25 

Collins, R.E., Cavern Storage of Sensible Heat: An Overview 

and The Cavern Storage System, Department of Physics, 

University of Houston, Texas. 169 

Collins, R.E., Six figures re Thermal Energy Storage, Uni- 
versity of Houston, Department of Physics, Texas, 1977. 150 

Collins, R.E., and K.E. Davis, "Geothermal Storage of Solar 
Energy for Electric Power Generation," Proceedings, Inter- 
national Conference on Solar Heating and Cooling, Miami, 

Florida, 1976, 14 pp. 


A-14 


26 



ORIGINAL page b 
OF POOR QUAR IT Y 


Reference 

Number 


Dayan, J., A.S. Foss, and S. Lynn, "Evaluation of a Chemical 
Heat Storage System for a Solar Steam Power Plant," Paper 
779190, Proceedings 3 12th Inter society Energy Conversion 
Engineering Conference 3 Vol . 2, pp 1181-1188, Washington, 

D.C., August 28-September 2, 1977. 225 

Doi, Tsunesuke, "Effects of Different Types of Reagent on 
Viscosities of Liquid Sulfur," The Review of Physical 
Chemistry of Japan 3 Vol . 35, No. 1 , 1965, pp 1-10. 'll 

Dooley, James L., et al , A Feasibility Study of Underground 
Energy Storage Using High-Pressure 3 High-Temperature Water 3 
RDA-TR-71 00-001 , R & D Associates, Marina del Rey, Cali- 
fornia, January 1977. 28 

Dow Chemical Company (The), Literature on D0WTHERM Heat 
Transfer Fluids (A, G, J, and LF) , Midland,* Michigan, 1977. 107 

Dow Corning Corporation, Properties and Engineering Charac- 
teristics of Dow Corning X2-1162 Heat Transfer Fluid 3 
Costa Mesa, California. 158 


Dullea, John, and Hans C. Maru, Molten-Salt Thermal-Energy 
Storage Systems 3 Project Summary; Prepared for ERDA-ST0R 
Thermal Energy Storage (TES) Program Second Annual TES 
Contractor's Information Exchange Meeting, Gatl inburg, 

Tennessee, September 29-30, 1977; Institute of Gas 

Technology, Chicago, Illinois, 1977. 29 

Du Pont Company, HITEC Heat Transfer Salt: Properties 3 Uses 3 

Storage , and Handling 3 E-08161, Industrial Chemicals 
Department, Wilmington, Delaware, February 1976. 30 



Reference 

Number 


{ ECEC) Energy Conversion Engineering Company, Sulfur as a 
Thermal Energy Storage Medium for Central-Station Peak Load 
Averaging , Proposal ECEC-1 276-1 ; Prepared for The Sulfur 
Institute; Pittsburgh, Pennsylvania, December 28, 1976. 31 

Edie, D.D., S.S. Melsheimer, and J.C. Mullins, Immiscible 
Fluid-Beat Fusion Heat Storage System , Project Summary; 

Prepared for ERDA-STOR Thermal Energy Storage (TES) Program 
Second Annual TES Contractor’s Information Exchange Meeting, 

Gatl inburg, Tennessee, September 29-30, 1977; Department of 
Chemical Engineering, Clemson University, Clemson, South 
Carolina, 1977. 32 

Eichelberger, John L., and Hyman D. Gillman, "Investigation 
of Metal Fluoride Thermal Energy Storage Materials," Paper 
779091 , Proceedings s 12th Intersociety Energy Conversion 
Engineering Conference , Vol , 1, pp 567-574, Washington, 

D.C.,' August 28-September 2, 1977. 226 

Eichelberger, John L., Investigation of Metal Fluoride Ther- 
mal Energy Storage Materials 3 Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's. Information Exchange Meeting, Gatl inburg, 
Tennessee, September 29-30, 1977; Pennwalt Corporation, 


King of Prussia, Pennsylvania, 1977. 33 

Eidgenossischen Instituts fur Reaktorforschung, "Energie- 
speicherung in Form- von latenter Warme," Energies Jahrg. 28, 

No. 12, December 1976, pp 357-358. 166 

Engineering Foundation Conference, Energy Storage - User Heeds 
and Technology Applications. , Report C0NF-760212, Asilomar, 

Pacific Grove, California, February 8-13, 1976; sponsored 
by EPRI/ERDA; ERDA, Washington, D.C., April 1977. 167 

(EPR1) Electric Power Research Institute, Technical Assess- 
ment Guide , Technical Assessment Group, Palo Alto, 

California, August 1977. 172 

7 ? 

Exxon Company, Caloria HT 42 3 Brochure, Houston, Texas, 

March 1, 1977. 34 


A-16 



ORIGINAL PAGE IS 
OF POOR QUALITY 

Reference 

Number 

(FEA) Federal Energy Administration, Proceedings of the Con- 
ference on The Challenge of Load Management — A Convergence 
of Diverse Interests , Office of Utilities Programs, 

Washington, D.C.,, June 11-12, 1975. 114 

Ferrara, A. A., R.A. Haslett, and J.P. Joyce, "Molten Salt 
Thermal Energy Storage for Utility Peaking Loads," Paper 
779089, Proceedings , 12th Intersociety Energy Conversion 
Engineering Conference , Vol . 1, pp 547-554, Washington, 

D.C. , August 28-September 2, 1977. 36 

Ferrara, Angelo, Thermal Energy Storage Eeat Exchanger , Pro- 
ject Summary; Prepared for ERDA-STOR Thermal Energy Storage 
(TES) Program Second Annual TES Contractor's Information 
Exchange Meeting, Gatl inburg, Tennessee, September 29-30, 

1977; Grumman Aerospace Corporation, Bethpage, New York, 1977. 35 

Ferrara, Angelo, et al , Thermal Energy Storage Heat Exchanger 
(Molten Salt Heat Exchanger Design for Utility Power Plants) , 

Report NASA CR 135244; Prepared for NASA-Lewis Research Cen- 
ter; Grumman Aerospace Corporation, Bethpage, New York, 

October 1977. 132 

Fischer, L.S., C.W.J. von Koppen, and B.D. Mennink, The Ther- 
modynamics and Some Practical Aspects of Thermally Layered 
Heat Storage in Mater, WPS 3 .75 . 1 1 . R247 , Eindhoven Univer- 
sity of Technology, 1975. 115 

Fox, E.C., L.C. Fuller, and M.D. Silverman, An Assessment of 
High Temperature Nuclear Energy Storage Systems for the 
Production of Intermediate and Peak-Load Electric Power , 

ORNL/TM-5821 , Oak Ridge National Laboratory, Oak Ridge, 

Tennessee, May 1977. 37 

Fried, Joel R., "Heat-Transfer Agents for High-Temperature 
Systems," Chemical Engineering, May 28, 1973, pp 89-98. 198 . 

Furrer, M., Chemische Bestandigkeit und Anti-Haft-wirkung 
von Tefion-Beschichtungen in eutektischen NaOH/NaOH %- 
Schmelzen, RM-HL-294, Eidgenossischen Instituts fur 
Reaktorforschung, Wurenlingen, Schweiz, 21 April 1976. 202 


A-17 



Reference 

Number 


Gardner, G.C., "Heat Storage in Future Power Systems," 

Central Electricity Research Laboratories-; Presented at the 
NATO Science Committee Conference on Thermal Energy Storage , 
Turnberry, Scotland, lst-5th March, 1976. 116 

/ 

(GE) General Electric Co., excerpts from LSE final report, 
Philadelphia, Pennsylvania, 1977, pp 3-116, 3-119 - 3-122, 

4-74, 4-77 - 4-94. 38 

(GE-AEP) General Electric Co. -Advanced Energy Programs, A Pro- 
posal for Thermal Energy Storage Subsystems for Solar Heat- 
ing and Cooling Applications , Category TES-4, Area 2, Pro- 
posal C77094; Prepared for the U.S. Energy Research and 
Development Administration; Space Division, Philadelphia, 


Pennsylvania, April 26, 1977. 134 

Gilli, Paul Viktor, Thermal Power Plants and Methods for Oper- 
ating the Same; United States Patent No. 3,803,836, issued 
April 16, 1974; Waagner-Biro AG, Vienna, Austria, filed 
October 4, 1971. 209 

Gilli, Paul Viktor, Power Plant and Method for Generating Peak 
Power Therein; United States Patent No. 3,818,697, issued 
June 25, 1974; Waagner-Biro Aktiengeselschaft, Vienna, 

Austria, filed November 5, 1971. 192 

Gilli, P.V., and G. Beckmann, Steam Storage Adds Peaking Capac- 
ity to Endear Plants, University of Technology, Graz, 

Austria and Waagner-Biro AG, Vienna, Austria (reprint of 
magazine article). 39 

Gilli, P.V., and G. Beckmann, "The Nuclear Steam Storage Plant 
— An Economic Method of Peak Power Generation," Proceedings, 

World Energy Conference, Paper 4.1-10, Detroit, Michigan, 

1974, pp 1-19. 40 


Gilli, P.V., and G. Beckmann, "Covering Peak Load by Means of 
Thermal Energy," Lines of Development in Energy Engineering , 

VDI/I Mech. E. Convention, Dusseldorf, Germany, 5-7 May 1975. 41 

Gilli, Paul Viktor, und Georg Beckmann, “Schnellstart von Gas- 
turbinen mit Hilfe von VGD-Luftspeichern" ("Quick Start-up 
of Gas Turbines by Means of PCIV Air Storage"), 

Elektrizitatswirtschaft 75, Heft 6, 1976, pp 116-118. 42 


A-i s 



ORIGINAL PAGE IS 
OF POOR QUALITY 


Reference 

Number 


Gilli, P.V., and G. Beckmann, "Design and Economy of Solar 
Power Plants with Integrated Thermal Energy Storage," Pro- 
ceedings, UNESCO/OMM Symposium on the Problems of Solar 
Energy Utilization , Geneva, Switzerland, August 30-Septem- 
ber 3, 1976 (paper revised September 25, 1976). 43 

Gilli, P.V., and G. Beckmann, Thermal Energy Storage Using 
Prestressed Cast Iron Vessels (PC IV), Project Summary; Pre- 
pared for ERDA-STOR Thermal Energy Storage (TES) Program 
Second Annual TES Contractor's Information Exchange Meeting, 
Gatlinburg, Tennessee, September 29-30, 1977; Zivilingenieur 
fur Maschinerbau, Graz, Austria, 1977. 44 

Gilli, P.V., G. Beckmann, and F.E. Schilling, Thermal Energy 
Storage XJsing Prestressed Cast Iron Vessels (PCIV) , Final 
Report COO-2886-2; Prepared for ERDA; Institute of Thermal 
Power and Nuclear Engineering, Graz University of Technol- 
ogy, Graz, Austria, June 1977. 45 

Gilli, P.V., and K. Fritz, "Nuclear Power Plants with Inte- 
grated Steam Accumulators for Load Peaking," Proceedings, 

IAEA Symposium on Economic Integration of Nuclear Stations 
in Electric Power Systems, 1970, pp 79-93. 117 

Gilli, P . V . , Energy Storage by Means of Prestressed Cast Iron 
Vessels, (University of Technology Graz, Austria Paper 
DRW-137), Paper-PH 14 presented at the 12th Mid-Atlantic 
Regional Meeting of the American Chemical Society (ACS), 


Hunt Valley, Maryland, 18 pp, April 6, 1978. 223 

Givoni, B., "Underground Longterm Storage of Solar Energy - 
An Overview," Solar Energy, Vol. 19, No. 6, 1977. 151 

Glendenning, I., Long Term Prospects for Compressed Air Energy 
storage; Presented at a joint ERDA/EPRI Workshop, December 
1975; Central Electricity Generating Board, Marchwood Engi- 
neering Laboratories, Southampton, England, 1975. 152 

Glendenning, I., and R. Grant, Rp 1083-1 ACAS Study - Report 
on Initial Cycle Analyses for Subtasks I, (1) and II, (1), 

Central Electricity Generating Board, Marchwood Engineering 
Laboratories, Southampton, England, 1977. 153 


Glendenning, I., Advanced Compressed Air Storage — An Appraisal, 
(Central Electricity Generating Board, England), paper 
presented at the Compressed Air Energy Storage Technology 
Symposium, Asilomar Conference Grounds, Pacific Grove, 

California, May 15-17, 1978. 222 


A-19 



Reference 

Number 


Glenn, D., et al , An Economic and Technical Feasibility Study 
of Thermal Energy Storage , General Electric Co. -Space Divi- 
sion report; Prepared for the U.S. Energy Research and 
Development Administration, Division of Conservation 
Research and Technology, under Contract No. AT (11-1 ) —2558 ; 
Philadelphia, Pennsylvania, 1976. (NTIS #C00-2558-l) 118 

Goldenberg, David, Evaluation of Heat Recovery Methods , Project 
Summary; Prepared for ERDA-STOR Thermal Energy Storage [TES) 
Program Second Annual TES Contractor's Information Exchange 
Meeting, Gat! inburg, Tennessee, September 29-30, 1977; TRW 
Energy System Planning Division, McLean, Virginia, 1977. 46 

Goldstern, W. , "Development, Significance and Application of 
Steam Accumulators (An Introduction and Survey)," (English 
translation of German article), VDI Berichte, No. 223, 1974. 142 

Golibersuch, D.C., Thermal Energy Storage for Utility Applica- 
tions , 75CRD256, General Electric Co.- Corporate Research and 
Development, Power Systems Laboratory, Schenectady, New York, 
December 1975. 119 

Gordian Associates, Inc., Opportunities and Incentives for 
Electric Utility Load Management , Conservation Paper No. 32; 
Prepared for the Federal Energy Administration; New York, 

New York, April 1975. 120 

Greenstreet, W.L., Feasibility Study of Prestressed Concrete 
Pressure Vessels for Coal Gasifiers , ORNL-5312; Prepared 
for the U.S. Energy Research and Development Administration, 


under Contract No. W-7405-eng-26; Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, August 1977. 200 

Guha, T.K., et al , "Manmade Geothermal Energy," Proceedings, 
International Conference on Alternative Energy Sources, 

Miami, Florida, December 5-7, 1977, 18 pp. 47 

Guha, Tridib, and Ralph L. Henderson, Solution Cavity Storage 
of Super Heated Fluids, University of Houston, Texas, 

January 25, 1978. 170 

Giilicher, L., Further Fields of Application for Prestressed 
Cast Iron Vessels (PCIV); Presented at the Vortrag SMiRT- 
Konferenz, San Francisco, California, August 1977; 

Siempelkamp Giesserei GmbH & Co., Krefeld, FRG, 1977. 175 

Guthrie, Kenneth M., Process Plant Estimating Evaluation 
and Control, Craftsman Book Company of America, Sol ana 
Beach, California, 1974. 216 


A-20 



rnnjM, PAXxE XS 


Hallet, Raymon W. , Jr., and Robert L. Gervais, Central 
Receiver Solar Thermal Rower Statioii 3 Phase 1; CURL Item 2: 
Pilot Plant Design Report; Volume V: Thermal Storage Sub- 

systemj, Report MDC G-6776 (Vol . 5); prepared for the U.S. 
Department of Energy; McDonnell -Doug! as Astronautics 
Company-West, Huntington Beach, California, November 1977. 

Hanneman, R.E., P.M. Palmer, and W. Vedder, Peaking and 
Storage 3 General Electric Co.- Corporate Research and 
Development Memo Report M0R-74-025, Schenectady, New York, 
January 1974, 57 pp. 

Hardy, M.P., V.D. Albertson, T.P. Bligh, M. Riaz, and P.L. 
Blackshear, "Large-Scale Thermal Storage in Rock: 
Construction, Utilization, and Economics," Paper 779093, 
Proceedings j 12th Intersociety Energy Conversion Engi- 
neering Conference , Vol. 1, pp 583-590, Washington, D.C., 
August 28-September 2, 1977. 

Hausz, Walter, "Annual Storage: A Catalyst for Conservation, 

(General Electric-TEMPO Paper P-735), International Total 
Energy Congress , Copenhagen, Denmark, October 4-8, 1976. 

Hausz, W. , TES Systems ; Draft prepared for ERDA-STOR Thermal 
Energy Storage (TES) Program Second Annual TES Contractor's 
Information Exchange Meeting, Gatl inburg, Tennessee, 
September 29-30, 1977,-^General Electric Co. -TEMPO, Santa 
Barbara, California, 15 September 1977. 

Haydock, James L., "Energy Storage and Its Role in Electric 
Power Systems," Proceedings , World Energy Conference , 

Paper 6.1-21, Detroit, Michigan, 1974, pp 1-10, 25-26. 

Haywood, R.W. , "A Critical Review of the Theorems of Thermo- 
dynamic Availability, with Concise Formulations; Part 1 - 
Availability," Journal , Mechanical Engineering , Section 
Science (c) I Mech E. , Vol. 16, No. 3, 1974, pp 160-173. 

Haywood, R.W., "A Critical Review of the Theorems of Thermo- 
dynamic Availability, with Concise Formulations; Part 2 - 
Irreversibility," Journal , Mechanical Engineering , Section 
Science (c) I Mech E. , Vol. 16, No. 4, 1974, pp 258-267. 


Reference 

Number 

62 

154 

48 
121 

49 

50 

135 

136 


A-21 



Reference 

Number 

' Honeywell, Inc., Sola? Pilot Plant , Phase I — Detailed Design 
Report: Thermal Storage Subsystem Research Experiment , 

CDRL Item No. 8, Report F341 9-DR-204, Systems & Research 
Center, Minneapolis, Minnesota, 22 June 1976. 176 

Honeywell, Inc., Solar Pilot Plant Phase 1 Preliminary Report , 

Volume V: Thermal Storage Subsystem (CDRL Item 2), Energy 

Resources Center Report 3419-DR-302-V, Minneapolis, Minnesota, 

1 May 1977. 51 

Horsthemke, A., and E. Marschall, Storage of Thermal Energy in 
Molten Salts and Metals 3 NASA -Lewis Research Center Techni- 
cal Translation NASA TT F 17,412 of "Speicherung von ther- 
mischer Energie in Salz und Metal Ischmelzen," Brennstaff- 
Warme-Kraft , Vol . 28, January 1976, pp 18-22. 52 

Hub', Kenneth A., Nuclear Reactor Control System ; United States 
Patent No. 3,065,162, issued November 20, 1962; Internuclear 
Company, Clayton, Missouri, filed July 22, 1957. 193 

Huntsinger, J., et al , Process Heat in Petroleum Refinery 
Applications , Final Reports GA-A13406 (ORNL-SuB-4188-1 ) , 

General Atomic Company, San Diego, California, February 20, 

1976. 53 


Interscience, "Elemental Sulphur-Chemistry and Physics," 1965. 105 


A-22 



Janz, G.J., et al , Molten Salts: Volume 1 3 Electrical Con- 

ductance 3 Density, and Viscosity Data, NSRDS-NBS 15, U.S. 
Department of Commerce, National Bureau of Standards, 
Washington, D.C., October 1968. 

Janz, G.J., et al , '‘Molten Salts: Volume 3 - Nitrates, 

Nitrites, and Mixtures - Electrical Conductance, Density, 
Viscosity, and Surface Tension Data," Journal of Physical 
and Chemical Reference Data, Reprint No. 10, Vol . 1, No. 3, 
1972, pp 581-746. 

Janz, G.J., et al , "Molten Salts: Volume 4, Part 2, 

Chlorides and Mixtures - Electrical Conductance, Density, 
Viscosity, and Surface Tension Data," Journal of Physical 
and Chemical Reference Data, Reprint No. 71, Vol. 4, No. 4, 
1975, pp 871-1178. 

Janz, George J., Reginald P.T. Tomkins, and Carolyn B. Allen 
(eds). Molten Salts Awareness Bulletin, Annotated 
Bibliography, July-December 1975, Molten Salts Data Center, 
Rensselaer Polytechnic Institute, Troy, New York, 1975. 

Janz, G.J., et al , Eutectic Data: Safety, Hazards, Corrosion , 

Melting Points, Compositions and Bibliography — Parts 1 and 
2 , Report TID-27163, Molten Salts Data Center, Rensselaer 
Polytechnic Institute, Troy, New York, July 1976. 


Reference 

Number 


218 


219 



221 


159 


A-23 



Reference 

Number 


Kalhammer, Fritz R., and Thomas R. Schneider, "Energy 
Storage," Annual Review of Energy 3 Vol. 1, 1976, pp 311-343. 161 

Katter, L.B., Applications of Thermal Energy Storage to Pro- 
cess Heat and Haste Heat Recovery in the Aluminum Industry 3 
Project Summary; Prepared for ERDA-STOR Thermal Energy Stor- 
age (TES) Program Second Annual TES Contractor's Information 
Exchange Meeting, Gatl inburg, Tennessee, September 29-30, 

1977; Rocket Research Company, Redmond, Washington, 1977. 99 

Katter, L.B., Applications of Thermal Energy Storage to Pro- 
cess Heat and Waste Heat Recovery in the Iron and Steel 
Industry , Project Summary; Prepared for ERDA-STOR Thermal 
Energy Storage (TES) Program Second Annual TES Contractor's 
Information Exchange Meeting, Gatl inburg, Tennessee, Septem- 
ber 29-30, 1977; Rocket Research Company, Redmond, 

^Washington, 1977. 100 

Kauffman, K.W., "Some Choices of Materials for Thermal Energy 
Storage," Solar Engineering Magazine 3 1976. ' 54 

Kauffman, Kenneth, and David Kyllonen, Thermal Energy Storage 
by Means of Heat of Solution 3 Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatl inburg, 
Tennessee, September 29-30, 1977; Franklin Institute 
Research Laboratories, Philadelphia, Pennsylvania, 1977. 55 

Kays, W.M., and A.L. London, Compact Heat Exchangers 3 Second 
Edition, McGraw-Hill Series in Mechanical Engineering, 

McGraw-Hill Book Company, New York, New York, 1964. 236 

Keenan, J.H., "Steam Chart for Second-Law Analysis: A Study 

of Thermodynamic Availability in the Steam Power Plant," 

Mechanical Engineering; Presented at the Steam Table Session 
of the Annual Meeting of The American Society of Mechanical 
Engineers, New York, November 30-December 4, 1931; Vol. 54, 

March 1932, pp 195-204. 137 

Keenan, Joseph H. , "Availability and Irreversibility in 
Thermodynamics , " British Journal of Applied Physics 3 Vol. 2, 

July 1951, pp 183-192. 145 

Kelso, Edward A., Method of Cooling a Nuclear Reactor; United 
States Patent No. 3,304,233, issued February 14, 1967; Esso 
Research and Engineering Company, Elizabeth, New Jersey, 
filed October 3, 1963. ‘ 194 


A-24 





Reference 

Number 


Kirst, W.E., W.M. Nagle, and d.B. Castner, "A New Heat Transfer 
Medium for High Temperatures," Transactions 3 American Insti- 
tute of Chemical Engineers , Vol . 36, Buffalo-Niagara Falls, 

New York Meeting, May 13-15, 1940, pp 371-394. 184 

Konig, Hans-Hermann, "Wirtschaftliche Eingliederung von Kern- 
kraftwerken in elektrische Netze," Atom und Strom , Heft 
1/E, January/February 1972, pp 19-20. 179 

Korsmeyer, R.B., Underground Air Storage and Electrical Energy 
Production 3 0RNL-NSF-EP-11 , Oak Ridge National Laboratories, 

Oak Ridge, Tennessee, February 1972. 122 

Kosky, P.G., Heat Transfer During Liquid to Solid Phase Change 3 
General Electric Co .- Corporate Research and Development 
Energy Sciences Branch, Schenectady, Mew York, 1975. 56 


Kranebitter, F., Optimization Criteria for Low Temperature 

Waste Heat Utilisation 3 EK0N0 GmbH, Vienna, Austria, 1977. 57 


Kreid, Dennis, Study of the Use of Concrete Cased and Steel- 
Lined Shafts for Compressed Air Energy Storage 3 Battel! e 
Pacific Northwest Laboratories, (to be issued), 1977. 123 


Lameshire, R.B., E.A. Lezberg, and J.F. Morris, Experimental 
Results of a Heat-Transfer Study from a Pull Scale Pehhle Bed 
Heater 3 Technical Note D-265, National Aeronautics and Space 
Administration, Lewis Research Center, Cleveland, Ohio, 1959. 124 

Lane, George A., Macro-Encapsulation of Heat Storage Phase- 
Change Materials 3 Project Summary, Prepared for ERDA-STOR 
Thermal Energy Storage (TES) Program Second Annual TES Con- 
tractor's Information Exchange Meeting, Gatlinburg, Tennessee, 
September 29-30, 1977; The Dow Chemical Company, Midland, 

Michigan, 1977. 58 

Lindner, Friedrich, Physikalische 3 Chemische und Teehnologisehe 
Grundlagen der Latentwarmespeicherung 3 Deutsche Forschungs- 
und Versuchsanstalt fur Luft- und Raumfahrt e.V., Stuttgart, 

Germany, reprint of paper in German, 1977. 59 

Lowe, Phillip A., and Joseph P. Joyce, "Thermal Energy Storage 
for Electric Power Plants," Proceedings 3 ASME Annual Meeting 3 
December 8, 1976 133 

A-25 



Reference 

Number 


Margen , Peter Heinrich Erwin, Method and Means for Generating 
Electricity and Vaporizing a Liquid in a Thermal Power Sta- 
tion; United States Patent No. 3,681,920, issued August 8, 

1972; Aktiebolaget Atomenergi , Stockholm, Sweden, filed 
January 19, 1970. 195 

Margen, P.H., "Thermal Energy Storage in Rock Chambers — A 
Complement to Nuclear Power," Proceedings 4, Peaceful Uses 
of Atomic Energy, UN/IAEA International Conference, Geneva, 
Switzerland, September 1971, pp 177-194. 60 

Margen, P.H., "Thermal Energy Storage in Caves," Energy 
Intemational 3 October 1971, Dp 22-25. 156 

Marianowski, L.G., and H.C. Maru, "Latent Heat Thermal Energy 
Storage Systems Above 450°C," Paper 779090, Proceedings, 

12th Intersociety Energy Conversion Engineering Conference, 

Vol . 1, pp 555-566, Washington, D.C., August 28-September 2, 

1977. 221 

Martin Marietta Corporation, et al , Central Receiver Solar 
Thermal Power System, Phase 1, Volume V: Thermal Storage 

Subsystem, Preliminary Design Report (Draft) SAN-1110-77-2, 
MCR-77-156, Denver, Colorado, April 1977. 61 

Maru, H.C., J.F. Dullea, and V.S. Huang, Molten Salt Thermal 
Energy Storage Systems: Salt Selection, Report C00-2888-1 , 

Institute of Gas-Technology, Chicago, Illinois, Aguust 1976. 163 

Maru, H.C., et al , Molten Salt Thermal Energy Storage Systems: 

System design. Report COO-2888-2, Institute of Gas Tech- 
nology, Chicago, Illinois, February 1977. 162 

Maru, Hansraj C., John F. Dullea, Alan Kardas, and Larry Paul, 

Molten Salt Thermal Energy Storage Systems , Report COO-2888-3, 

NASA CRT 3541 9; Prepared for the U.S. Department of Energy 
under Contract No. EY -76-02-2888; Institute of Gas Tech- 
nology, Chicago, Illinois, March 1978. 230 

Masica, William, Thermal Energy Storage for Electric Power 
Plants, Hard copy vugraphs of Project Summary; Prepared for 
ERDA-ST0R Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatlinburg, 
Tennessee, September 29-30, 1977; NASA-Lewis Research 
Center, Cleveland, Ohio, 1977. 144 


A-26 



t 


Reference 

Number 

McDonnell Douglas Astronautics Company-West, Central Receiver 
Solar Thermal Tower System , Preliminary Design Report — Volume 
II: System Description and System Analysis , Report MDC G6776, 

Huntington Beach, California, October 1977, pp 3-20- 3-30, 

3-71 - 3-31 , and 3-89 - 3-92. 177 

McGill, W.A., "Check Sulfide Corrosion with AVD-Steel," 

Canadian Chemical Processing, March 1977, pp 30, 32, 34-35. 63 

Mehrkam, Q.D., "Water Improves Salt Quench," American Machinist; 

Ajax Electric Co., Philadelphia Reprint No. 185; Vol . 112, 

No. 16, July 29, 1968. 64 

Meyer, Charles F., David K. Todd, and Robert C. Hare, Thermal 
Storage for Eco-Energy Utilities, GE72TMP-56, General Elec- 
tric Co .-TEMPO, Santa Barbara, California, December 1972. 125 

Meyer, Charles F., W. Hausz, et al , Role of the Heat Storage 
Well in Future U.S. Energy Systems, GE76TMP-27; Technical Com- 
pletion report prepared for the Office of Water Research and 
Technology, U.S. Department of the Interior; General Electric 
Co. -TEMPO, Santa Barbara, California, December 1976, 186 pp. 108 

(MIT) Massachusetts Institute of Technology, Appendix A: 

Application and Design Studies of Compressed Air Energy 
Storage for Solar Energy Applications , Task Order No. 29, 
Institutional Agreement No. EX-76-A-01-2295, Lincoln 
Laboratory, Lexington, Massachusetts, August 1977, 2 pp. 138 

Monsanto Industrial Chemicals Co., Therminol Heat Transfer 
Fluids, IC/FF-31 , St. Louis, Missouri, 1975. 65 


A-27 



Reference 

Number 


(NATO) North Atlantic Treaty Organization, Thermal Energy 
Storage — Working Papers, NATO Science Commfttee Conference, 
Turnberry, Scotland, lst-5th March 1976. 126 

(NATO) North Atlantic Treaty Organization, Thermal Energy 
Storage , Eugene G. Kovach (ed). The Report of a NATO Science 
Committee Conference, Turnberry, Scotland, lst~5th March 
1976, by the Scientific Affairs Division, North Atlantic 
Treaty Organization, Brussels, Belgium, 1976. 127 

Nemecek, J.J., D.E. Simmons, and T.A. Chubb, "Demand Sensitive 
Energy Storage in Molten Salts," Proceedings , American Sec- 
tion of the International Solan Energy Society and the Solar 
Energy Society of Canada, , Inc. Joint Conference on Sharing 
the Sunl — Solar Technology in the Seventies ; Volume 8: 

Storage , Water Heater, Data Communication Education, 


Winnipeg, Canada, August 15-20, 1976, 13 pp. 104 

Nemecek, O.J., D.E. Simmons, and T.A. Chubb, "Demand Sensitive 
Energy Storage in Molten Salts," Solar Energy, Vol . 20, No. 

3, 1978, pp 213-217. ‘ 214 

Nicholson, Edward W. , and Robert P. Cahn, "Storage in Oil of 
Off-Peak Thermal Energy from Large Power Stations," Proceed- 
ings, Eleventh Intersociety Energy Conversion Engineering Con- 
ference, Paper 769105, State Line, Nevada, September 12-17, 

1976, pp 598-605. 66 

Nuernberg, Hans Wolfgang, and Gerhard Wolff, Energy Conversion 
Method; United States Patent No. 3,558,047, issued January 26, 
1971; Kernforschungsanl age Juelich GmbH, Juelich, Germany, 
filed February 15, 1968. 196 


A- 28 



Reference 

Number 

O'Callaghan, P.W., A.M. Jones, and S.D*. Probert, "Review of 
Developments in Thermal Rectification and Storage," 

©J Mech E . 3 Paper Cl 11/76, 1976, pp 147-156. 67 

O'Hara, J., and R. Howell, Personal communications and excerpts 
from DoE study on prestressed concrete pressure vessels, for 
coal gasification processes, Ralph M. Parsons Inc., Pasadena, 
California, March 1978. ' 217 

(ORNL) Oak Ridge National Laboratory, Proceedings of the 
Second Annual Thermal Energy Storage Contractors' Informa- 
tion Exchange Meeting 3 Gatl inburg, Tennessee, September 
29-30, 1977, ORNL Report C0NF-770955 compiled by H.W. 

Hoffman, S.K. Fraley, and R.J. Kedl ; Sponsored by the 

U.S. Department of Energy; Oak Ridge, Tennessee, 1977. 237 

Ostendorf , Dr. , Cast Iron with Lamellar Graphite on Structural 
Material for Hot-Working Prestressed Reactor Pressure Ves- 
sels; Presented at the Vortrag SMiRT-Konferenz, San Fran- 
cisco, California, August 1977; Siempelkamp Giesserei GmbH & 

Co., Krefeld, Federal Republic of Germany, 1977. 235 


A- 29 



Reference 

Number 


Pacault, Pierre Henri, Steam Power Stations j United States 
Patent No. 3,886,749, issued dune 3, 1975; Babcock-Atl antique 


Societe Anoyme, Paris, France, filed July 10, 1973. 210 

Perry, Robert H., and Cecil H. Chilton (eds). Chemical Engi- 
neers 1 Handbook , 5th Edition, McGraw-Hill Book Company, 

New York, New York, 1973. 215 

Pfannkuch, H.O., and M.H. Edens, "Rock Properties for Thermal 
Energy Storage Systems in the 0° to 500°C Range," 1977 ISES 
Meeting , Orlando, Florida, Vol. 1, June 1977, pp 18.5-18.9. 68 

Pieper, Friedrich, W. , Vie Verwendung von Thermodlen fur den 
Energis transport Im Primdrkreislauf Solarer Heizungssysteme 
und Solarer Kraftwerke , Rhdne-Poulenc Chemie GmbH, Frankfurt, 
Germany, 1977. 69 

Pierce, B .L,, F.R. Spurrier, and M.K. Wright, "Thermal Energy 
Storage," Paper 779191, Proceedings, 12th Intersociety 
Energy Conversion Engineering Conference, Vol. 2, pp 1189- 
1194, Washington, D.C., August 28-September 2, 1977. 199 


Pinto, S. , Preliminary Technical Discussion Eegarding an Energy 
Storage System in Form of Latent Heat, (Projekt: KLihlung und 

Warmenutzung von Kernkraftwerken; Vorhaben: Warmespeicherung 

und -Bewirtschaftung) , Report TM-ST-339, Eidgenossischen 
Instituts fiir Reaktorforschung, Wurenlingen, Schweiz, 

21 January 1975, 44 pp. 203 

Pollock, D.W., Numerical Simulation of Energy Transport in 
Shallow Aquifers -Subjected to a Thermal Stress from High- 
Temperature Energy Storage in the Unsaturated Zone; MS Thesis; 
University of Minnesota, Minneapolis, July 1977, 148 pp. 70 

Poole, D.R. , and R.D. Smith, Chemical Energy Storage for Solar- 
Thermal Conversion, Project Summary; Prepared for ERDA-ST0R 
Thermal Energy Storage (TES) Program Second Annual TES Con- 
tractor's Information Exchange Meeting, Gatlinburg, Tennessee, 
September 29-30, 1977; Rocket Research Company, Redmond, 

Washington, 1977. 101 

Poulis, J.A. , and C.H. Massen, "Physical Properties of Liquid 
Sulfur," Elemental Sulfur, Chemistry and Physics, B. Meyer 
(ed), Interscience, 1965, pp 109-123. 71 

Power Engineering , "Trends in Power Boilers," Roundtable 
moderated by F.C. Olds (Sr Ed), February 1978, pp 40-52. 233 

(PSE&G) Public Service Electric and Gas Company, An Assess- 
ment of Energy Storage Systems Suitable for Use by Elec- 
tric Utilities, Volumes 1, 2, and 3, EPRI EM-264 ERDA 
E(ll~1)-2501; Prepared for Electric Power Research Insti- 
tute and Energy Research and Development Administration; 

Newark, New Jersey, July 1976. 

A-30 


72 



ORIGINAL PAGE IS 
OF POOR QUALITY 

Reference 

Number 

Quick, Terrence M. , Technological Data Bases for Energy Storage 3 
Preprint UCRL-80115, Project Summary; Prepared for ERDA-STOR 
Thermal Energy Storage (TES) Program Second Annual TES Con- 
tractor's Information Exchange Meeting, Gatlinburg, Tennessee, 
September 29-30, 1977; Lawrence Livermore Laboratory, 

Livermore, California, September 23, 1977. 73 

Qvale, E. Bjorn, "Seasonal Storage of Thermal Energy in Water 
in the Underground," Proceedings, Eleventh Intersociety 
Energy Conversion Engineering Conference , Paper 769110, 

State Line, Nevada, September 12-17, 1976, pp 628-635. 128 


R & D Associates, UTESS: Underground Thermal Energy Storage 

Sy stems 3 Brochure, Marina del Rey, California, 1977. 74 

R&D Associates, Comparison of Canadian Steam Storage with 
RDA UTESS Study, Internal Notes, Marina del Rey, 

California, 1977. 75 

Raetz, J.E., C.R. Easton, and R.J. Moll, The Selection and 
Use of Energy Storage for Solar Thermal Electric Applica- 
tion; Presented at the 10th Intersociety Energy Conversion 
Engineering Conference, 17-22 August 1975; McDonnell Douglas 
Astronautics Company-West Paper WD 2514, Huntington Beach, 
California, June 1975. 178 

Rensselaer Polytechnic Institute, Literature on Molten Salt 
Data Center, Troy, New York, 1976. 160 


A-31 



Reference 

Number 


Riaz, M., "Transient Analysis of Packed-Bed Thermal Storage 
Systems," Proceedings , 1977 ISES Meeting, Orlando, Florida, 

Vol. 1, June 7, 1977, pp 17.11-17.15. 76 

Riaz, M., "Analytical Solutions for Single- and Two-Phase 
Models of Packed-Bed Thermal Storage Systems," Journal of 
Heat Transfer , ASME Trans., Vol. 99, August 1977. 77 

Riaz, M. , Rock Bed Heat Accumulators, Project Summary; Pre- 
pared for ERDA-STOR Thermal Energy Storage (TES) Program 
Second Annual TES Contractor's Information Exchange Meeting, 
Gatlinburg, Tennessee, September 29-30, 1977; University 
of Minnesota, Minneapolis, 1977. 78 

Riaz, M. , Long-Term Storage of Solar Energy in Hative Rock; 

Submitted for presentation at the International Solar 

Energy Congress, New Delhi, India, January 1978; University 

of Minnesota, Minneapolis, 1977. 79 

Riaz, M., P.L. Blackshear, Jr., and H.O. Pfannkuch, "High 
Temperature Energy Storage in Native Rocks," Proceedings, 

ISES Joint Conference on Sharing the Sun, Winnipeg, Canada, 

Vol. 8, Pergamon Press, August 17, 1976, pp 123-137. 80 

Ridgway, S.L., and J.L. Dooley, "Underground Storage of Off- 
Peak Power," Proceedings, Eleventh Intersociety Energy Con- 
version Engineering -Conference, Paper 769101 , State Line, 

Nevada, September 12-17, 1976, pp 586-590. 181 

Rocket Research Corporation, Sulfuric Acid-Water Chemical 
Energy Storage System, Report RRC-76-R-530, York Center, 

Redmond, Washington, August 1976. 157 

Rogers, F.C., and W.E. Larson, "Underground Energy Storage," 
Proceedings, American Power Conference, Illinois Institute 
of Technology, Chicago, Illinois, Vol. 36, 1974. 129 

Rubero, Paul A., "Effect of Hydrogen Sulfide on the Viscosity 
of Sulfur," Journal of Chemical and Engineering Data, 

Vol. 9, No. 4, October 1964, pp 481-484. 82 


A-32 



ORIGINAL PAGE IS 
OP POOR QUALITY 


Reference 

Number 


Salyer, Ival 0., et al , Form- Stable Crystalline Polymer 
Pellets for Thermal Energy Storage , Project Summary; Pre- 
pared for ERDA-STOR Thermal Energy Storage (TES) Program 
Second Annual TES Contractor's Information Exchange Meeting, 

Gatl inburg, Tennessee, September 29-30, 1977; Monsanto 
Research Corporation, Dayton, Ohio, 1977- 83 

Schmidt, F.W., Prediotion of the Performance of Solid Sensible 
Beat Thermal Storage Units , Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second Annual 
TES Contractor's Information Exchange Meeting, Gatl inburg, 
Tennessee, September 29-30, 1977; The Pennsylvania State 
University, University Park, Pennsylvania, 1977. 84 

Schmidt, F.W., Future Activities , Thermal Energy Storage, 

The Pennsylvania State University, University Park, 

Pennsylvania, October 5, 1977, 4 pp. 139 

Schwarzenbach, Alfred, Apparatus for Covering a Peak Load or 
a Rapidly Changing Load in a Steam Turbine Plant ; United 
States Patent No. 3,457,725, issued July 29, 1960; 
Aktiengeselschaft Brown, Boveri & Cie, Baden, Switzerland, 
filed November 24, 1967. - 197 

Selz, Allen, Reassessment of Sulphur Thermal Energy Storage 
System Costs Using Pew Data Developed September 1977 , 

Personal Communication, Energy Conversion Engineering 

Company, Pittsburgh, Pennsylvania, September 25, 1977. 85 

Selz, Allen, Sulphur Therrrial Energy Storage Augmented by Beat 
Storage in Rock, Personal Communication, Energy Conversion 
Engineering Company, Pittsburgh, Pennsylvania, January 10, 

1978. 155 

Selz, Allen, Variation in Sulphur TES Cost and Performance 
with Change in TES Temperature Swing, Energy Conversion 
Engineering Company, Pittsburgh, Pennsylvania, January 16, 

1978. 171 


A-33 



Reference 

Number 


Shah, R.P., Cycles for Electric Energy Conversion from Low- 
Temperature Energy Sources , 77CRD198, General Electric Co.- 
Corporate Research and Development, Power Generation and 
Propulsion Laboratory, Schenectady, New York, September 1977. 109 

Siempelkamp Giesserei KG, Energy Storage in Prestressed Cast- 
Iron Pressure Vessels (PCIV), Krefeld, West Germany, 1975. 148 

Silverman, M.D., and J.R. Engel, Survey of Technology for 
Storage of Thermal Energy in Eeat Transfer Salt, ORNL/RM- 
5682, Oak Ridge National Laboratory, Engineering Technology 
Division, Oak Ridge, Tennessee, January 1977. 110 

Solomon, A., Mathematical Modeling of Moving Boundary Problems, 
Project Summary; Prepared for ERDA-STOR Thermal Energy 
Storage (TES) Program Second Annual TES Contractor's Infor- 
mation Exchange Meeting, Gatlinburg, Tennessee, September 
29-30, 1977; Union Carbide Corporation, Oak Ridge, 


Tennessee, 1977. 86 

Stephens, Timothy, Adiabatic Compressed Air Energy Storage , 
Massachusetts Institute of Technology, Lincoln Laboratory, 
Lexington, Massachusetts, 6 February 1976. 168 

Stephens, T., Personal Communication, Massachusetts Institute 
of Technology, Lincoln Laboratory, Lexington, Massachusetts, 

April 1977. 130 


Strafford, K.N., "The Sulphidation of Metals and Alloys," 
Metallurgical Reviews (British), 1968, pp 153-174. 87 

Swisher, James H., and James H. Kelley, "ERDA's Chemical Energy 
Storage Program," Paper 779087, Proceedings, 12th Inter- 
society Energy Conversion Engineering Conference , Vol . 1 , 
pp 533-539, Washington, D.C., August 28-September 2, 1977. 228 


A- 34 



ORIGINAL 
OF POOR 

Reference 

Number 

Taube, M. , Salzschmelzespeicher anstatt Hydropwnpenspeicher 
fur die Speicherung dev etek.trisch.en Energies Report 
TM-HL-233, Eidgenossischen Instituts f'ur Reaktorforschung, 

H'urenl i ngen , Schweiz, 7 August 1974, 21 pp. 204 

Taube, M. , Hochtemperatur-Warmespeicher mit Salzschmelze und 
intermediarem Gaskreislauf , Report TM-HL-238, Eidgenossischen 
Instituts fUr Reaktorforschung, Wurenl ingen, Schweiz, 

16 September 1974, 6 pp. 205 

Taube, M., and S. Pinto, "Energiespeicherung in Form von 
latenter Warme, Energies Paper DK 662.995:661.8, Jahrg. 28, 

No. 12, December 1976, pp 357-358. 206 

Taube, M. , DAS CREMISCHE ZWEIKOMPONENTENS1STEM FUER SPEICHERUNG 
UND TRANSPORT DER WAERME , Report TM-HL-358; Prepared for 
Vortrag an der Tagung des Verb. Deutsch. Ingenieure 
"Rationelle Energienutzung durch Warmespeicher," Stuttgart, 

10 October 1977; Eidgenossischen Instituts fur Reaktorfor- 
schung, Wurenl ingen, Schweiz, 11 August 1977, 14 pp. 207 

Taube, M., "A Duplex Chemical System for the Storage and 
Container Transport of Heat for District Heating," 

Nuclear Technology , April 1978, 7 pp. 208 

Total Energy Congress, Total Energy , Proceedings of the First 
International- Total Energy Congress 3 Eric J. Jeffs (ed), 

Copenhagen, Denmark, October 4-8, 1976. 88 

Tsang, Chin Fu, Thermal Energy Storage in Underground Aquifers , 

Project Summary; Prepared for ERDA-ST0R Thermal Energy 
Storage (TES) Program Second Annual TES Contractor's Informa- 
tion Exchange Meeting, Gatlinburg, Tennessee, September 29-30, 

1977; Lawrence Berkeley Laboratory, Berkeley, California, 

1977. 1 89 

Tsang, C.F., M.J. Lippmann, C.B. Goranson, and P.A. Witherspoon, 
"Numerical Modeling of Cyclic Storage of Hot Water in Aqui- 
fers," 1976 Fall Annual Meeting 3 American Geophysical Union, 

San Francisco, California, December 6-10, 1976. 131 


‘PAGE & 
quality 


A-35 



Reference 

Number 

Tuller, W.N., The Sulphur Data ,Baok 3 McGraw-Hill* New York, 

New York, 1954, pp 19-25, 34, 127-129. 90 

Turner, Robert H., Thermal Energy Storage in Solids 3 Project 
Summary; Prepared for ERDA-STOR Thermal Energy Storage (TES) 

Program Second Annual TES Contractor's Information Exchange 
Meeting, Gatl inburg, Tennessee, September 29-30, 1977; Jet 
Propulsion Laboratory, Pasadena, California, 1977. 91 

Turner, Robert H., Telephone communication with W. Hausz, Jet 

Propulsion Laboratory, Pasadena, California, February S, 1978. 180 


United Engineers & Constructors, Inc., Capital Cost: Pressur- 

ized Water Reactor Plants Volumes 1 and 2, NUREG-0241 , C00- 
2477-5, Philadelphia, Pennsylvania, June 1977. 93 

United Engineers & Constructors, Inc,, Capital Cost: Boiling 

Water Reactor Plant 3 Volumes 1 and 2, NUREG-0242, COO-2477-6, 
Philadelphia, Pennsylvania, June 1977. 92 

United Engineers ^Constructors, Inc., Capital Cost: High and 

Low Sulfur Coal Plants — 1200 MWe 3 Volumes 1, 2, and 3, 

NUREG-0243, COO-2477-7, Philadelphia, Pennsyl vania. June 1977. 211 

United Engineers & Constructors, Inc., Capital Cost: Low and 

High Sulfur Coal Plants — 800 MWe 3 Volumes 1, 2, and 3, 

NUREG-0244, C00-2477-8, Philadelphia, Pennsylvania, June 1977. 212 

Unsworth, G.N., A Review of Pumped Energy Storage Schemes 3 
Report .AECL-4926, Atomic Energy of Canada Limited, Whiteshell 
Nuclear Research Establishment, Pinawa, Manitoba, Canada, 

July 1975. 94 

USSR Compilation: Summary of all HITEC-related phase diagram 

studies, n.d., pp 382-387. 185 


A-36 



ORIGINAL PAGE IS 
OF POOR QUALITY 

Reference 

Number 


Van Vechten, J.A., "Latent-Heat Energy Storage is Feasible," 
Electrical World, August 15, 1974, p 41. 147 

Vrable, D.L., and R.N. Quade, UTS Thermal Storage Peaking 
Plant, GA-A14160 (ORNL-Sub-4188-2) , General Atomic 
Company, San Diego, California, April 1977. 95 


Warman, James C., and Fred J. Molz, Subsurface Waste Heat 
Storage , Experimental Study, Project Summary; Prepared for 
ERDA-STOR Thermal Energy Storage (TES) Program Second 
Annual TES Contractor's Information Exchange Meeting, 

Gatl inburg, Tennessee, September 29-30, 1977; Water 
Resources Research Institute, Auburn University, Auburn, 

Alabama, 1977. 96 

Watson, M.B., et al , Underground Unclear Power Plant Siting, 

EQL Report No. 6; Sponsored by the Aerospace Corporation 
and the Environmental Quality Laboratory, California Insti- 
tute of Technology; Aerospace Corporation, San Bernardino, 
California, September 1972. 97 

Willyoung, D., Correspondence File on Thermal Energy Storage, 

General Electric Co.-Large Steam Turbine Department, 

Schenectady, New York, 1975-Present. 143 


Zaininger, H.W., et al , Synthetic Electric Utility Systems for 
Evaluating Advanced Technologies , Final Report EPRI EM-285; 
prepared for Electric Power Research Institute, Technology 
Planning Study 75-615; Power Technologies, Incorporated, 
Schenectady, New York, February 1977. 229 


A-37 



REFERENCES - SUBJECT AREA 


Reference 

Number 


Applications 

Industrial 


Anderson, et al , 1975 

111 

Guthrie, 1974 

216 

Huntsinger, et al , 1976 

53 

Katter, 1977 

99 

Katter, 1977 

100 

McGill, 1977 

63 

Mehrkam, 1968 

64 

Sola t 


Alvis, 1977 

186 

Alvis and Alcone, 1976 

187 

Beverly, Engle, and Mahony, 1977 

224 

Boeing, 1976 

13 

Carlson and Clayton, 1977 

19 

Chubb, Nemecek, and Simmons, 1977 

103 

Collins and Dayis, 1976 

26 

Dayan, Foss, and Lynn, 1977 

225 

GE-AEP, 1977 

134 

Gilli and Beckmann, 1976 

43 

Givoni, 1977 

151 

Hal let and Gervais, 1977 

62 

Honeywell, 1976 

176 

Honeywell, 1977 

51 

Martin Marietta, et al , 1977 

61 

McDonnell Douglas, 1977 

177 

Nemecek, Sjimmons, and Chubb, 1976 

104 

Raetz, Easton, and Hoi 1 , 1975 

178 

Utility 


Acres American, 1976 

140 

Awaya, 1978 

181 

Barnstaple, Kirby, and Wilson, 1976 

2 

Barnstaple, Kirby, and Wilson, 1977 

3 

Beckmann, 1976 

4 

Beckmann, Fritz, and Gilli, 1974 

141 

Beckmann and Gilli, 1976 

5 

Bundy, 1973 

191 

ECEC, 1976 

31 

Ferrara, Haslett, and Joyce, 1977 

36 

Gilli, 1971 

192 

Gilli, 1971 

209 

Gilli and Beckmann, 1974 

40 

Gilli and Fritz, 1970 

117 

Golibersuch, <et al , 1975 

119 

Kelso, 1963 \ 

194 

Schwarzenbach, 1967 

197 

Vrable and Quade, 1977 

95 


A-38 



Reference 

Containment Number 


Prestressed Cast Iron Vessel (PCIV) 

Bitter! ich, 1977 164 

Bitterlich and Brandes, 1977 173 

Bounin, 1977 234 

Gilli, 1971 192 

Gilli, 1978 223 

Gilli and Beckmann, 1977 44 

Gilli, Beckmann, and Schilling, 1977 45 

Gulicher, 1977 175 

Ostendorf, 1977 235 

Prestressed Concrete Pressure Vessel (PCPV) 

Glendenning, 1978 222 

Greenstreet, et al , 1977 200 

Steel 

Awaya, 1978 181 

Boeing, 1976 12 

Boeing, 1976 13 

Collins, 1977 150 

Hal let and Gervais, 1977 62 

Turner, 1977 91 

Underground 

Barnstaple, Kirby, _and Wilson, 1976 2 

Barnstaple, Kirby, and Wilson, 1977 3 

Blackshear, et al , 1977 10 

Collins, n.d. 169 

Collins and Davis, 1976 26 

Dooley, et al , 1977 28 

Guha, et al , 1977 47 

Guha and Henderson, 1978 170 

Margen, 1971 60 

Margen, 1971 156 

R&D Associates, n.d. 74 

R&D Associates, 1977 75 

Ridgway and Dooley, 1976 81 


Heat Exchangers 

Boeing, 1976 12 
Boeing, 1976 13 
Edie, Melsheimer, and Mullins, 1977 32 
Goldenberg, 1977 46 
Honeywell, 1977 51 


A-39 



Reference 

Heat Transfer Fluids Number 


Gas 

Beverly, Engle, and Mahony, 1977 224 

Blackshear, et al , 1977 10 

Bligh, 1977 11 

Boeing, 1976 12 

Boeing, 1976 13 

Bundy, n.d. 146 

Bundy and Hanneman, 1973 149 

Fox, Fuller, and Silverman, 1977 37 

Golibersuch, et al , 1975 119 

Hanneman, Palmer, and Vedder, 1974 154 

Hardy, et al , 1977 48 

Huntsinger, et al , 1976 53 

Pfannkuch and Edens, 1977 68 

Pollock, 1977 70 

Riaz, 1977 76 

Riaz, 1977 77 

Riaz, 1977 78 

Riaz, 1977 79 

Riaz, Blackshear, and Pfannkuch, 1976 80 

Silverman and Engel, 1977 110 

Vrable and Quade, 1977 95 

Liquid 

American Hydrotherm Corp., 1976 1 

Bechtel, 1976 6 

Cahn, 1975 165 

Cahn and Nicholson, 1974 16 

Cahn and Nicholson, 1976 17 

Chubb, 1976 102 

Chubb, Nemecek and Simmons, 1977 22 

Chubb, Nemecek, and Simmons, 1977 103 

Chubb, Nemecek, and Simmons, 1978 213 

Coastal Chemical Co., n.d. 23 

Coastal Chemical Co., 1977 24 

Dullea and Maru, 1977 29 

Du Pont, 1976 30 

ECEC, 1976 31 

Eidgenossischen Instituts, 1976 166 

Ferrara, 1977 ^ 35 

Ferrara, et al , 1977 ’ 132 

Ferrara, Haslett, and Joyce, 1977 36 

Fried, 1973 198 

GE, 1977 38 

GE-AEP, 1977 134 

Honeywell, 1976 176 

Honeywell, 1977 51 


A- 40 



Reference 

Heat Transfer Fluids — Liquid (continued) Number 


Martin Marietta, et al , 1977 61 
McDonnell Douglas, 1977 177 
Monsanto, 1975 65 
Nemecek, Simmons, and Chubb, 1976 104 
Nicholson and Cairn, 1976 66 
Poulis and Massen, 1965 71 


Media 

High Temperature Water (HTW) 

Awaya, 1978 181 

Barnstaple, Kirby, and Wilson, 1976 2 

Barnstaple, Kirby, and Wilson, 1977 3 

Beckmann, 1976 4 

Beckmann, Fritz, and Gilli, 1974 141 

Beckmann and Gilli, 1976 5 

Bitterlich, 1977 164 

Bitterlich and Brandes, 1977 173 

Brandes and Giilicher, 1977 174 

Collins, n.d. 169 

Collins and Davis, 1976 26 

Dooley, et al , 1977 28 

Gilli , 1971 192 

Gilli, 1971 209 

Gilli, 1978 223 

Gilli and Beckmann, n.d. 39 

Gilli and Beckmann, 1974 40 

Gilli and Beckmann, 1975 41 

Gilli and Beckmann, 1976 42 

Gilli and Beckmann, 1976 43 

Gilli and Beckmann, 1977 44 

Gilli, Beckmann, and Schilling, 1977 45 

Gilli and Fritz, 1970 117 

Goldstern, 1974 142 

Guha, et al, 1977 47 

Giilicher, 1977 175 

Hausz, 1976 121 

Margen, 1971 60 

Margen, 1971 156 

Meyer, Hausz, et al , 1976 108 

Poulis and Massen, 1965 71 

R&D Associates, n.d. 74 

R&D Associates, 1977 75 

Ridgway and Dooley, 1976 81 

Siempelkamp, 1975 148 

Total Energy Congress, 1976 88 

Turner, 1978 180 


A-41 



Reference 

Media (continued) Number 

Oil 


Bechtel, 1976 

6 

Cahn, 1975 

165 

Cahn and Nicholson, 1974 

16 

Cahn and Nicholson, 1976 

17 

Collins, n.d. 

169 

Exxon, 1977 

34 

GE, 1977 

38 

GE-AEP, 1977 

134 

Guha and Henderson, 1978 

170 

Hallet and Gervais, 1977 

62 

Honeywell, 1977 

51 

Martin Marietta, et al , 1977 

61 

McDonnell Douglas, 1977 

177 

Nicholson and Cahn, 1976 

66 

Phase Change Material (PCM) 


Boeing, 1976 

12 

Boeing, 1976 

13 

Bundy, n.d. 

146 

Bundy and Hanneman, 1973 

149 

Carlson and Clayton, 1977 

19 

Chubb, 1976 

102 

Chubb, Nemecek, and Simmons, 1977 

22 

Chubb, Nemecek, and Simmons, 1977 

103 

Clark, 1977 

98 

Cohen, 1977 

25 

Dullea and Maru, 1977 

29 

Edie, Melsheimer, and Mullins, 1977 

32 

Eidgenossischen Instituts, 1976 

166 

Ferrara, 1977 

35 

Ferrara, Haslett, and Joyce, 1977 

36 

Ferrara, et al , 1977 

132 

Golibersuch, et al , 1975 

119 

Hanneman, Palmer, and Vedder, 1974 

154 

Honeywell, 1976 

176 

Honeywel 1 , 1 977 

51 

Maru, Dullea, and Huang, 1976 

163 

Maru, et al , 1977 

162 

Nemecek, Simmons, and Chubb, 1976 

104 

Pinto, 1975 

203 

Rocket Research, 1976 

157 


A-42 



Media (continued) 

Reference 

Number 

Bock 

Blackshear, et al , 1977 

10 

Bligh, 1977 

11 

Chubb, 1976 

102 

Chubb, Nemecek, and Simmons, 1977 

22 

Chubb, Nemecek, and Simmons, 1977 

103 

GE, 1977 

38 

GE-AEP, 1977 

134 

Hallet and Gervais, 1977 

62 

Hardy, et al , 1977 

48 

Honeywell, 1976 

176 

Honeywell „ 1977 

51 

McDonnell Douglas, 1977 

177 

Nemecek, Simmons, and Chubb, 1976 

104 

Pfannkuch and Edens, 1977 

68 

Pollock, 1977 

70 

Riaz, 1977 

76 

Riaz, 1977 

77 

Riaz, 1977 

78 

Riaz, 1977 

79 

Riaz, Blackshear, and Pfannkuch, 1976 

80 

Salt 

Alexander and Hinden, 1947 

183 

Boeing, 1976 

12 

Boeing, 1976 

13 

Bundy, n.d. 

146 

Bundy and Hanneman, 1973 

149 

Chubb, Nemecek, and Simmons, 1977 

22 

Coastal Chemical Co., n.d. 

23 

Coastal Chemical Co., 1977 

24 

Cohen, 1977 

25 

Eidgenossischen Instituts, 1976 

166 

Fox, Fuller, and Silverman, 1977 

37 

Golibersuch, et al , 1975 

119 

Hanneman, Palmer, and Vedder, 1974 

154 

Honeywell , 1 976 

176 

Honeywell, 1977 

51 

Horsthemke and Marschall, 1976 

52 

Huntsinger, et al , 1976 

53 

Janz, et al , 1968 

218 

Janz, et al , 1972 

219 

Janz, et al , 1975 

220 

Janz, et al , 1976 

159 

Janz, Tomkins, and Allen, 1975 

221 

Martin Marietta, et al, 1977 

61 

Maru , et al , 1977 

162 

Maru, Dullea, and Huang, 1976 

163 

Shah, 1977 

109 

Silverman and Engel, 1977 

no 

Vrable and Ouade, 1977 

95 
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Media (continued) 
Other 


Reference 

Number 


Awaya, 1978 

181 

Boeing, 1976 

12 

Boeing, 1976 

13 

Cahn, 1975 

165 

Clark, 1977 

98 

ECEC, 1976 

31 

Rocket Research, 1976 

157 

Selz, 1978 

155 

Selz, 1978 

171 

Turner, 1977 

91 

Turner, 1978 

180 

Patents 

Beckmann and Gilli, 1972 

188 

Beckmann and Gilli, 1973 

189 

Bell, 1969 

190 

Bundy, 1973 

191 

Bundy and Hanneman, 1973 

149 

Cahn and Nicholson, 1974 

16 

Gilli, 1971 

192 

Gilli, 1971 

209 

Hub, 1957 

193 

Kelso, 1963 

194 

Margen, 1970 

195 

Nuernberg and Wolff, 1968 

196 

Pacault, 1973 

210 

Schwarzenbach, 1967 

197 

Steam Power Plants 

Bechtel, 1976 

6 

Bechtel, 1977 

7 

Bechtel, 1977 

8 

Beckmann, Fritz, and Gilli, 1974 

141 

Beckmann and Gilli, 1972 

188 

Beckmann and Gilli, 1973 

189 

Beckmann and Gilli, 1976 

5 

Bell, 1969 

190 

Bundy, 1973 

191 

Bundy and Hanneman, 1973 

149 

ECEC, 1976 

31 

Fox, Fuller, and Silverman, 1977 

37 

Gilli, 1971 

192 

Gilli, 1971 

209 

Gilli and Beckmann, 1974 

40 

Gilli and Fritz, 1970 

117 
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Reference 

Steam Power Plants (continued) Number 


Hub, 1957 193 
Kauffman and Kyllonen, 1977 55 
Pacault, 1973 210 
Schwarzenbach, 1967 197 
United Engineers, 1977 92 
United Engineers, 1977 93 
United Engineers, 1977 211 
United Engineers, 1977 212 
Vrable and Quade, 1977 95 


Surveys, References, and Overviews 

Anderson, et al , 1975 111 
Bechtel, 1977 7 
Bechtel, 1977 8 
Bramlette, et al , 1976 106 
Bundy and Hanneman, 1973 149 
Cantor, 1977 18 
Coastal Chemical Co., n.d. 23 
Coastal Chemical Co., 1977 24 
Collins, n.d. 169 
Dow Chemical, 1977 107 
Du Pont, 1976 30 
Eichelberger and Gill man, 1977 226 
Engineering Foundation, 1977 167 
Exxon, 1977 ' 34 
FEA, 1975 114 
Fischer, et al , 1975 115 
Fox, Fuller, and Silverman, 1977 37 
Givoni, 1977 151 
Glenn, et al , 1976 118 
Greenstreet, et al , 1977 200 
Guthrie, 1974 216 
Haywood, 1974 135 
Haywood, 1974 136 
Kal hammer and Schneider, 1976 161 
Keenan, 1951 145 
NATO, 1976 126 
NATO, 1976 127 
O'Callaghan, Jones, and Probert, 1976 67 
Perry and Chilton, 1973 215 
Pollock, 1977 70 
Rubero, 1964 82 
Salyer, et al , 1977 83 
Taube, 1978 208 
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Reference 

Thermocline Number 


Blackshear, et al , 1977 10 
Bligh, 1977 11 
Chubb, 1976 102 
Chubb, Nemecek, and Simmons, 1977 103 
GE, 1977 38 
GE-AEP, 1.977 T34 
Hal let and Gervais, 1977 62 
Hardy, et al , 1977 48 
Honeywell, 1976 176 
Honeywell, 1977 51 
McDonnell Douglas 1977 177 
Nemecek, Simmons, and Chubb, 1976 104 
Pfannkuch and Edens, 1977 68 
Pollock, 1977 70 
Riaz, 1977 76 
Riaz, 1977 77 
Riaz, 1977 78 
Riaz, 1977 79 
Riaz, Blackshear, and Pfannkuch, 1976 80 

Utility Operations 

Eoononrios 

Bechtel, 1976 6 
Beckmann, Fritz, and Gilli, 1974 141 
Gilli and Beckmann, 1974 40 
Glenn, et al , 1976 118 
United Engineers, 1977 92 
United Engineers, 1977 93 
United Engineers, 1977 211 
United Engineers, 1977 212 

Load Management 

Barnstaple, Kirby, and Wilson, 1976 2 
Barnstaple, Kirby, and Wilson, 1977 3 
Bechtel, 1976 6 
Beckmann, Fritz, and Gilli, 1974 141 
Beckmann and Gilli, 1976 5 
Boeing, 1976 12 
Boeing, 1976 13 
Bundy and Hanneman, 1973 149 
ECEC, 1976 31 
FEA, 1975 114 
Fox, Fuller, and Silverman, 1977 37 
Gilli, 1971 192 
Gilli and Beckmann, n.d. 39 
Gilli and Beckmann, 1975 41 
Gordian Associates, 1975 120 
Hallet and Gervais, 1977 62 
Honeywell, 1977 51 
Martin Marietta, et al , 1977 61 
Schwarzenbach, 1967 197 
Vrable and Quade, 1977 95 
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APPENDIX B 

TAXONOMY - PROPONENTS AND SOURCES 


FOR 

CONCEPTUAL DESIGN OF THERMAL ENERGY STORAGE 

FOR 

NEAR-TERM ELECTRIC UTILITY APPLICATIONS 


B-l 



Rev. 2-1-78 


SOURCES OF HEAT 


Proponents References 

1 . High Temperature Water 


11. 

Feedwater Heating Loop (any point) 

1,3-6,8,21,25 108,121,156,128 

12. 

Boiler Inlet 


13. 

Steam Drum in Boiler 



2. Steam 

21. Extraction Steam (existing FWH points) 25,1 6 

22. Extraction Steam (special or enlarged 

points) 

23. Crossover (between IP and IP turbines) 

24. Cold Reheat (output of HP turbines) 

25. Hot Reheat (output of reheat, input to 

IP turbine) 

26. Live Steam (input to HP turbine) 31,48,22-24 36,7132,85,105,132,62,61,51 

27. Backpressure Turbine Output 

28. Turbine Shaft Power and Steam Compressor Marguerre, Babcock (French) 


3 . Gas 

31. Helium (as in HTGR or PBR) 26,49,47 95,149,154,12,13 

32. 

33. Hot Air (as in GT intercool or compressor 28 i0,ll,a8, 

output) 68,78-80 

34. Stack Gases (as in GT regenerator) 

35. Fluidized Bed (furnace combustor) 

36. Heat Pipes (coupling furnace air, helium, 

or stack gas to TES system) 

37. Other 

4. Unspecified 


42 

22,102-104 

41 

19 
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STORAGE MEDIA 


SENSIBLE 

HEAT 

References 

Proponents 

Liquids 




1. High Temperature Water 



11. 

12. 

13. 

HTW to 170°C 
HTW to 230°C 
HTW to 350° C 

108,121 ,128 
108,121 ,156,128 
26,42 

5.6 

5.8.6 
1,2,4 

2. Organic Compounds 



21. 

211. 

212 

213. 

Oils 

Exxon 

Dow Chemical 
Mobil 

38 

6,16,17,62,66 

22 

21-23,25 

22. 

221. 

Silicones 
Dow Corning 



29. 

Other 



3.' Inorganic Compounds 



31. 

311. 
3111. 

312. 
319. 

Salts (Molten) 

Nitrates 

HITEC 

Hydroxides 

Other 

95,108,112 

26,29 

32. 

Sulfur (Molten) 

71 ,82,85,105 

31 

33. 

34. 
39. 

Sulfuric Acid 
Metals (Molten) 
Other 





Sol ids 


References Proponents 


4. Metals 

41. Steel /Iron 91 30 

49. Other 

5. Mineral s 

51. Silica 

52. Granite 

53. Iron Ore 
531. Feolite 
59. Other 

6. Ceramics 

61. Alumina 

62. Magnesia 


PHASE CHANGE MATERIALS 


7. Organic Compounds 



71. Phthalimide 



79. Other 

19 

41 

8. Inorganic Compounds 



81. Nitrates 

132,36 

48 

82. Carbonates 

29 

44 

83. Fluorides 

149,154 

49 

84. Hydroxides 

25 

43 

85. Chlorides 

22,36,102-104,132 

48 

86. Metal Eutectics 



89. Other 

19 

41 
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CONTAINMENT 


Proponents References 

ABOVEGROUND 

1 High Pressure Tanks 


11 

12 

13 

Welded Steel 
Prestressed Concrete RV 
PCIV 

1 

1 

4,5,39,40 

4,5,41-45 

2 

Low Pressure Tanks (Sensible Heat) 



21 

22 

23 

24 

25 

Single Tank/Thermocline 
without packed bed 
with packed bed 
Drained beds 
Hot and Cold Tanks 
Two tanks without packed bed 
More than two w/o packed bed 

29 

22,24,32 

27 

21 ,22,23 
25,26 

106,112 

12,13,54,62 

38 

16,17,61,62,66 

6,37,95 

3 

Low Pressure Tanks (PCM) 



31 

32 

33 

PCM in shell/HTF in tubes 

PCM encapsulated into packed bed 

Immiscible Fluid 

42, 43', 48 
42 

49 ,51 

25,29,36,132 

22,102-104 

14^,154 

UNDERGROUND 



4 

Steel Tanks 



41 

42 

Stress transfer by air 
Stress transfer by concrete 

3 ,8 
2 

28,74,75 

2,3 

5 

Unlined Natural Confinement 



51 

52 

53 

Aqui fers 

Excavated Caverns 
without packed bed 
with packed bed 

4,5,6 

8 

28 

26,47,108,121 

156 

10,11,48,68, 

76-80 

6 

Other ? 



7 

Not Specified 
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UTILIZATION 


The use of the storage system for utility load management requires 
a number of "conversions" in state and location, the final one of which 
is the conversion to electricity, Some plurality of the following con- 
versions are used. These are structured as steps toward Utilization. ~ 


U-l. CONVERSION TO ELECTRICITY FROM STEAM 

1.1 Increased Steam Flow Through the Main Turbine-Generator 

1.11 by decreased extraction for feedwater heating 

1.12 by steam addition at the crossover (LP turbine inlet) 

1.13 by steam addition at higher temperature and pressure points 

1.2 Steam Flow Through Peaking Turbines 

1.21 single peaking turbine 

1.22 multiple peaking turbines 

1.3 Other 

U-2. CONVERSION TO ELECTRICITY NOT FROM STEAM 

U-3. CONVERSION TO STEAM 

3.1 From HTW 

3.11 by internal steam generation (in storage container) 

3.12 by external evaporators 

3.2 From Other Sensible Heat Fluids 

3.21 in indirect heat exchangers 

3.22 in direct heat exchangers 

3.3 From Solids; Direct Heat Exchange 

3.4 From Gases or Vapors; Indirect Heat Exchange 

3.5 From Latent Heat Fluids 

3.51 Liquid/Solid PCM 

3.52 Gas/Liquid PCM 

3.6 Superheaters 

U-4. NON-STEAM HEAT EXCHANGERS 

4.1 Sensible/Sensible Heat 

4.11 Liquid/Liquid v 

4.12 Liquid/Solid 

4.13 Liquid/Gas 

4.2 PCM Materials 

4.21 Sensible'PCM 

4.22 PCM/PCM 

U-5. THERMAL TRANSPORT 

5.1 Pipes 

5.2 Heat Pipes 

5.3 Other 

U-6. CONTROLS AND MISCELLANEOUS 
B-6 
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CONCEPT DEFINITION #1 


PROPONENTS ) 

Prof. Paul V. Gilli - Graz University of Technology, Austria 
George Beckmann - Waagner Biro 


References 

4-5, 39-45, 117, 141 


CHARACTERIZATION 


Med i urn 

12,13 

Containment 

11 

Source of Heat 

21 

Conversion 

321,322 


HTW 212 to 250° C 

Welded steel pressure vessels plus 
cold condensable storage ~50°C 
Extraction steam at feedwater 
extraction points 
Multiple turbines operating at 
different input pressures 


DESCRIPTION 

This concept is a baseline configuration, not now the favored con- 
cept of the proponents but one of the earliest in their listed refer- 
ences. It features high temperature water as the storage medium, con- 
tainment in welded steel pressure vessels, source energy from steam 
extraction points, and multiple peaking turbines on a common shaft, 
with distinct pressure ranges. 

x Ffgure 42 from Reference 45 summarizes the system concept. Steam 
ex-fracted for feedwater heating at four normal extraction points is 
-far LI y diverted to a set of steam accumulators. The three lowest 
steam temperatures are supplied sequentially to each accumulator in 
the set to increase the temperature and pressure of the water therein 
in steps minimizing availability loss. The fourth steam source is 
supplied to a higher pressure accumulator for superheat. Complex 
valving is needed to supply each steam source to each accumulator in 
the proper sequence. Controls and instrumentation to monitor this can 
also be complex. 

Prof. Gilli sugqests this concept is suitable for welded steel 
pressure vessels. The sequencing of accumulators during charging and 
discharging implies a large number of small tanks. Reference 40 shows 
a "working model “ for this concept with 64 tanks of 580 m 3 each. 
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Fig. 42 Flow sheet suitable for the use of welded steel storage vessels, employ- 
ing varying pressure storage, sequential discharge, separate peak loac 
turbine and multi-pressure condenser 


1 Reactor (PWR) 8 

?. Steam Generator 9 

3 Main (base load) turbine 10 

4 Main condenser 11 

5 Feed heater train 12 

6 Charge line 13 

7 Main accumulators 14 


Superheat accumulator 
Superheater 
Discharge steam lines 
Peak load turbine 
Peak load condenser 
Cooling tower 
Condensate storage 


Source : 


Reference 45. 




During discharge of each accumulator, steam is generated internally 
by reducing the pressure at the outlet. Three peaking turbines (11 a, 
b, and c) on a common shaft are designed for inlet pressures of 1 MPa, 
0.5 and 0 18 MPa (145„, 73., and 26 ps-ia) and condenser pressure of 
'•'■0.012 MPa (-1.7 psia). As steam is generated m an accumulator the 
pressure continues to decrease. By throttling, the discharge steam is 
reduced to the next lowest turbine inlet pressure; each turbine oper- 
ates at constant inlet pressure. As in charging, the accumulators are 
sequenced by valves to the next lowest pressure turbine when the steam 
pressure falls to or below the design turbine inlet pressure. 

As shown, separate double-flow turbines for high, medium, and low 
pressure steam are provided. They are designed to be simple, rugged, 
and to accommodate the rapid thermal expansion during frequent starts 
and stops. No provision for steam bleeds for feedwater heaters or for 
moisture removal is made. To minimize exhaust wetness, which affects 
turbine efficiency and life, superheater accumulators (point 8 in the 
figure) are provided. 

The superheater accumulators as shown are of the displacement type. 
They are charged with extraction steam at -2 MPa. During discharge, 
high temperature water (HTW) from the top passes through two heat 
exchangers in the turbine inlet lines to the tv/o highest pressure tur- 
bines. The HTW at reduced temperature is reinjected at the bottom of 
the accumulator, forming a rising thermocline. Pressure and tempera- 
ture of the output are more nearly constant than in the variable 
pressure type. 

As the water volume in the accumulators (7) is greater when charged 
than when discharged, tanks for condensate storage (14) during the 
discharged period must be provided, with roughly one-fourth the capac- 
ity of the accumulators but at roughly ambient pressure. 

PERFORMANCE 

State Points 


Charge line 1 : 

0.5 

MPa, 

1 50°C 

V 

2: 

1.0 

MPa, 

180°C 

V 

3: 

2.0 

MPa, 

21 2°C 

V 

Accumulators: 

2.0 



0.2 MPa 


212 



120°C 


Superheater charge line: 

4.8 

MPa, 

260°C 


discharge : 

4.8 

MPa, 

260°C 


reinjection: 

4.8 

MPa, 

1 75°C 


Turbine Inlets a: 

1 .07 MPa, 

2 A 5°C 


b: 

0.49 

MPa, 

1 79°C 


c: 

0.14 

MPa, 

119°C 


Condenser: 

0.012 MPa, 

50°C 



Storage Efficiency 

0.5-0.75 (Reference 45, p 81) 
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CONCEPT DEFINITION - VARIANT 1.1 


PROPONENTS 

Prof. Paul V. Gilli - Graz University of Technology, Austria 
George Beckmann - Waagner Biro 


References 

4-5, 39-45, 117, 141 


CHARACTERIZATION 

Medium 11,12,13 

Containment 11 

Source of Heat 11 


inversion 321 ,322 


HTW 120 to 260°C 

Welded steel pressure vessels plus 
cold condensable storage ^50 o C 

Extraction of feedwater before HP 
pump for main storage; feedwater 
at boiler inlet and cold reheat; 
steam is used for superheat 
storage 

Multiple turbines operating at 
different input pressures 


DESCRIPTION 

Much of the configuration for this concept, as shown on Figure 45 
of Reference 45, is similar to Concept Definition 1. The storage pres- 
sure vessels instead of being variable pressure accumulators, with 
internal sream generation, are displacement accumulators with external 
steam generation. A displacement accumulator is always filled with 
liquid. During charging, HTW is injected at the top and cold water is 
withdrawn from the bottom. The boundary between them, a thermocline, 
moves downward but stays reasonably sharp. 

During discharge, HTW is withdrawn from the top and passed sequen- 
tially through three flash evaporators used as external steam genera- 
tors. In each of these, the HTW is throttled to a reduced pressure at 
which a fraction of the water is transformed to saturated steam, and 
the remainder is water at saturation temperatures. This water goes to 
the throttle for the lower pressure steam generators. From the lowest 
pressure flash evaporator the 1 water at a reduced temperature is 
returned to the bottom of the displacement accumulators where a rising 
thermocline is formed. The total mass of water stored in the accumula- 
tors differs somewhat between the fully charged and discharged condi- 
tions because of the ]g,q& thermal expansion of the water and the con- 
tainment. Condensate storage (14) provides a reservoir for this dif- 
ferential, which is much smaller than needed in Concept Definition 1. 
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Fig. 45 Flow sheet suitable for the use of welded steel storage vessel, 
employing ci sol a cement- type storage, external steam generation 
and separate peak-load turbine 


1 Reactor (HTR) 

2 Steam Generator 

3 Main (base load) turbine 

4 Main condenser 

5 Feed heater train 

6 Charge 1 i ne 

7 Main accumulators 

8 Superheat accumulator 


9 Superheater 

10 Discharge steam lines 

11 Peak load turoine 

12 Peak load condenser 

13 Helium blower 

14 Condensate storage 

15 Oet pump 

16 Start-up valve 

17 Steam generator 


Source: Reference 45. 


C-6 



Steam leaves the three steam generators at three pressures. Each 
is at a constant pressure and needs no further throttling. The top 
two are superheated, partly by heat exchange from a separate HTW flow 
passed sequentially through the steam generators and partly by heat 
exchangers fed by an expansion accumulator (8). An expansion accumu- 
lator maintains an almost constant temperature and pressure during dis- 
charge by withdrawal of HTW from the bottom and increasing the size of 
the steam cushion by evaporation of a small fraction of the water. 

The superheater is charged by injecting both HTW at the final feed- 
water temperature, and enough cold reheat steam to fill the accumula- 
tor at the desired temperature and pressure. 

The fiqure shown is for a gas-cooled HTR, The cold reheat steam 
is at an adequate pressure and temperature to charge the superheat 
accumulator to 260°C. The same storage system configuration could be 
used for an LWR but the source of steam for this accumulator would 
have to be the main steam supply, rather than cold or hot reheat. 

Proponents note as advantages over Concept Definition 1 that this 
concept does not require the sequential valving of groups of three 
different charge lines and to three different discharge lines. A 
recirculation pump is usually needed for displacement accumulators. 

In this concept the need is eliminated by using the pressure energy of 
the HTW from the superheaters in a jet pump. This also contributes to 
the needed condensate storage at 14. The cost and complexity of the 
valving in Concept Definition 1 must be traded off with the added cost 
of the evaporators. 
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CONCEPT DEFINITION - VARIANT 1.2 


PROPONENT(S) 

Prof. Paul V- Gilli - Graz University of Technology, Austria 
George Beckmann - Waagner Biro 

F. Schilling - Siempelkamp Giesserei KG, Krefeld, FRG 

Ref erences 

4-5, 39-45, 117, 141, 148 

CHARACTERIZATION 

Medium 
Containment 

Source of Heat 
Utilization 


DESCRIPTION 

Concept Definitions 1.0 and 1.1 included three basic modes of using 
a steam accumulator (HTW storage): 

*- Variable Pressure — Internal steam generation - C 1.0 

© Displacement — Both HTW and colder water/thermocl ine - C 1.1 
e Expansion — Constant pressure steam cushion - C 1.1 

, . superheat 

All were considered to be welded steel tanks. This concept describes 
two variants usirg onljy expansion type accumulators. It also intro- 
duces the mode of containment preferred by the proponents, the pre- 
stressed cast iron vessel (PCIV). Figures 46 and 47 of Reference 45 
are combined. 

The concept of the PCIV is that it can be made in ‘.much larger sizes 
for high pressures than welded steel tanks, with lower cost, lower 
losses, easier transport and assembly, and improved safety. It could 
be applied in all three accumulator modes, and may be considered as sub- 
variants of Concepts 1.0 and 1.1. However, the variable pressure mode 
as used in Concept 1.1 with the requirement for sequential valving 
during charge and discharging, requires a number of vessels preferably 
much greater than three, so loses the cost advantage of large size PCIV 
unless very large storage volumes are required. The displacement mode. 


13, 12 
13 


HTW at 250-260°C 

PCIV main, steel cold storage 


12 & 26 or 24 FWH + steam refills accumulator 
1.22, 3.12 Three cascaded evaporators 
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Flew sheets suitable for the use of PCIV, employing expcnsion-type steam storage, 
with , and a separate peak-load turbine 

Fig. 46 ...superheat storage vessel Fig 47 ...superheating by means of branclied-off 

stored hot water... 


1 Expans ion-type accumulator 

2 Water discharge line 

3 Flash evaporators 

4 Cold storage 

5 Superheater 


Source Reference ag. 


6 Steam lines 

7 Peak-load turbine 

8 Condenser 

9 Condensate storage 

10 Superheat accumulator 
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with a vertical temperature distribution including a sharp thermocline 
poses the problem for thick walled PCIV of thermal stresses near the 
thermocline. The proponents in most recent concep.ts and flow d-iagrams 
include the expansion mode accumulator. 

In both Figures 46 and 47, the mode of charging is assumed to be 
that used in the superheat accumulator in Concept 1.1. In an expan- 
sion accumulator the steam cushion may expand from say 5 percent to 
95-100 percent of the storaqe volume. Replacement is principally with 
HTW at nearly the desired temperature, with a supplement of steam 
injection at a higher pressure than desired, which by condensation 
restores the desired temperature, pressure and steam cushion size. As 
indicated in Concept 1.1, for the superheat accumulator the highest 
temperature feedwater plus cold reheat steam for a fossil plant and 
hot reheat steam for the nuclear plant meet the requirements. For the 
main accumulators either the same feedwater temperature or one before 
the last boiler feed pump may be used. Cold reheat steam is probably 
adequate for both the fossil and nuclear applications. 

Figures 46 and 47 both show three stages of flash evaporators to 
feed three parallel turbine sections at different pressure levels. 

They differ in the means of superheating. The first has a separate 
superheat accumulator. HTW from it passes sequentially through two 
heat exchangers to superheat the HP and MP steam flows. The HTW then 
joins the water flow to the LP evaporator. In Figure 47 the super- 
heaters in the HP and MP steam flows are fed by HTW from the main 
accumulator (separately, not sequentially). Another flow option is 
illustrated in Figure 47 by the design of the HP turbine to supply 
steam output at the pressure level of the MP turbine instead of 
expanding all the way to condenser pressure. This changes the power 
and cost distribution among the three turbine casings. 

One property of expansion accumulators is a large swing in the 
size of the steam cushion. A separate cold storage tank of welded 
steel (4) must be provided with about half the volume as the main 
accumulator but at pressure near atmospheric (eg, 120°C). No circula- 
tion pumps are required in the storage loops of this concept. 

Required sizes and pressures of vessels required versus simplicity of 
operation and the needed auxiliaries such as valving, controls, and 
pumps are cost tradeoffs to be considered. 
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CONCEPT DEFINITION - VARIANT 1.3 


PROPONENT(S) 


Prof. Paul V. Gilli 
George Beckmann 
F.F.. Schilling 


- Graz University of Technology, Austria 

- Waagner Biro 

- Siempelkamp Giesserei KG, Krefeld FRG 


References 

4-5, 39-45, 117, 141, 148, 175, 188, 189, 192, 209 


CHARACTERIZATION 

Medium 
Containment 
Source of Heat 
Utilization 


13 HTW at 250°C 

11 PCIV 

26.12 Live steam and hot feedwater 

1.21.3.12 Single evaporator feeds oeaking 

turbine and hot feedwater 


DESCRIPTION 

The capabilities of the PCIV are claimed to be higher in pressure 
(and temperature) than can be considered for welded steel tanks of 
large sizes. To take full advantage of this, the proponents describe 
(Figures 49-51 in Reference 45) several closely related concepts 
applicable to fossil (coal) plants with main steam supply of 540°C 
and 17 to 24 MPa. Expansion accumulator(s) operate at a charged 
pressure between the main steam and the cold reheat (8 MPa) so that a 
one-stage flash evaporator (9) can supply additional steam flow to 
the reheater, IP’ and LP turbines during peaking. The main IP and LP 
turbine can be sized to provide the added capacity or a separate IP 
and LP turbine and condenser can be provided at 10 and 11. 

The expansion accumulator (2) is charged by a mixture of feed- 
water and throttled mam steam supply. During discharge the water 
and steam pressure and temperature can be maintained steady by small 
continuing injection of live steam at the cop port. The water output 
of the flash evaporator is reinjected into the feedwater loop by a HP 
feed pump. Conservation of total feedwater volume requires that feed- 
water tank (7) be sized to accept the change in liquid volume m the 
accumulator between fully charged and discharged condition. 
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1 Heat source 

2 Expansion-type PCIV 

3 Main turbine, HP 

4 ", IP 

5 ", LP 

6 Main condenser 


7 Feed water tank 

(cold storage) 

8 Feed water heater 

9 Flash evaporator 
10,Peak load turbine, 'HP 


11 Peak load tur- 
bine, LP 

12 Peak load tur- 
bine, condenser 





Fig. 49 Expansion-type feed water and steam storage wi!h separate peak load turbine 
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CONCEPT DEFINITION #2 


PROPONENTS ) 

R&D Associates - J. Dooley 
S. Ridgway 

References 

28, 74, 75, 81 

CHARACTERIZATION 


Medium 

13 

HTW from 290 to 360° C 

Contai nment 

42 

Steel tank in underground cavity. 
Stress transfer to rock by concrete 

Source of Heat 

26 

Prime Steam 

Utilization 

1.2 

Steam used in peaking turbine(s) 


DESCRIPTION 

This concept features high temperature water as the storage medium, 
contained in underground cavities. Source of energy is from prime 
steam. Utilization of energy is by generating steam m cavity and feed- 
ing through peaking turbines. 

Figure 1 from Reference 81 shows a schematic diagram of the concept. 
The underground cavity has a thin (1/2-inch) welded-steel liner, with 
special high-temperature, high-strength concrete filling the space 
(about 1 foot thick) between' the liner and cavity wall to transfer 
stresses to the rock as well as to provide thermal insulation. The 
cavity is operated as a variable-pressure steam accumulator (see Con- 
cept Definition if 1), charged with prime steam up to temperatures as 
high as 360°C. On discharge, steam is generated in the cavity and fed 
directly to separate peaking turbines. As the cavity discharges the 
steam temperature and pressure decrease, resulting in a decreasing 
output from the peaking unit. In order to keep thermal stressing of 
the cavity liner within "conservative" values the temperature swing is 
limited to 40°C, which results in limiting the discharge to between 15 
and 40 percent of the cavity volume, depending on the initial tempera- 
ture. The specific energy storage (defined as actual work out of 
turbine/cavity volume) is between 18 and 21 kVJh/m 3 , with a claimed 
turnaround efficiency of 85 percent. Direct costs for storage cavity 
are estimated at 160 to 177 $/m 3 in the sizes recommended. 

Reference 75 mentions that proponents have also considered operating 
the cavity as a constant-pressure displacement accumulator, but consid- 
ered it less desirable. No further details are given. 
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Figure 1 


Thermal Energy Storage System Schematic. 
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CONCEPT DEFINITION #3 


PROPONENT^) 

Ontario Hydro - A.G. Barnstaple 
J.J. Kirby 
J.E. Wilson 


References 
2, 3 


CHARACTERIZATION 


Medium 

12 

HTW up to 180°C (350°F) 

Containment 

41 

Steel tanks in underground cavern 



Stress transfer to rock by 



compressed air. 

Source of Heat 

11 

Heated feedwater 

Utilization 

1.11 

Hot feedwater reduces extraction 


for feedwater heating, primarily 
at crossover from HP to LP turbine. 

DESCRIPTION 

This concept Teatures storage of heated feedwater in underground 
tanks. The energy is utilized by using the stored water to partially 
supply the feedwater requirements, thereby reducing steam extracted 
for feedwater heating. 

Figure 5.2.1 from Reference 3 summarizes the system concept and 
shows the heat balance for normal operation (ie storage inactive). 

The storage system is a constant-pressure displacement accumulator 
(see Concept Definition - Variant 1.1) consisting of three insulated 
steel tanks in a cavern about 150m underground. The air in the 
cavern is pressurized and cooled, allowing a thin-wall tank designed 
only to contain the static heat of the stored water plus a small allow- 
ance for imbalances. An open-surface pressure-balancing reservoir 
keeps the stored water in contact with cavern pressure. 

The accumulator is charged by pumping heated feedwater (*-' 180 °C) 
into the top and colder water («95 0 C) out the bottom and into the 
final three stages of the feedwater heater chain. On discharge stored 
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hot water is pumped from the top of the tank to the output of feedwater 
heater chain and cold water from the feedwater loop pumped into the 
bottom. 

Proponents claim the storage (turnaround) efficiency "is likely to 
be above 80 percent," based on an estimated cavern leakage rate of 2 
percent per day. The basic cycle examined is that of a CANDU-PHW 
1200 MV/e unit, with modifications to accommodate feedwater storage. 

For this unit the peak output is limited to about 6.5 percent above 
normal operation. The specific energy storage is about 14 kWh/m^, 
with storage- related direct costs estimated at 210 - 280 $/ ri1 3 -j n 1976 
dollars, or 15 to 20 $/kWh. 

A minor variant of this concept stores a supply of hot water con- 
densed from prime steam, for use in reheating as well as feedwater 
supply. Since this would not supply all the necessary feedwater, 
additional feedwater storage is required. This scheme provides a peak 
output about 13 percent above normal operation, but is not favored due 
to the higher cost of storing water at temperatures suitable for 
reheat — with only a slight increase in output. 

Proponents also note that other cycles may be able to achieve up to 
25 percent peaking capability, with suitable redesign of the turbine. 
However, the low coolant temperature of the CAND'U pressure tube 
design and the high temperature rise in the reactor, when combined with 
pinch-point limitations, dictate a relatively low feedwater temperature 
and limit the peaking capability. 
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Rev. 2-3-78 


CONCEPT DEFINITION - VARIANT 3.1 


PROPONENT(S) 


Ontario Hydro - A. 6. Barnstaple 
J.J. Kirby 
J.E. Wilson 


References 
2, 3 

CHARACTERIZATION 


Medi um 

13 

HTW at about 265°C (510°F) 

Containment 

41 

Steel tanks in underground cavern 



Stress transfer to rock by 



compressed air. 

Source of Heat 

26 

Prime steam from main boiler 

Utilization 

1.22 

Flashed steam powering separate 


peaking turbines 


DESCRIPTION 

This concept features storage of high temperature water in under- 
ground tanks. Stored energy is obtained by condensing prime steam and 
is utilized by flashing to steam which powers multiple peaking turbines 
on a common shaft. 

Figure 6.2-1 from Reference 3 summarizes the system concept. The 
storage system is a constant-pressure displacement accumulator (similar 
to that described in Concept Definition #3) consisting of six to eight 
insulated steel tanks in a cavern about 2000m underground. The 
air in the cavern is pressurized (to about 9 MPa) and cooled, per- 
mitting a tfnn-wall tank designed only to contain the static head of 
the stored water, plus a small allowance for imbalances. An open- 
surface pressure balancing reservoir keeps the stored water in contact 
with cavern pressure. 

The accumulator is charged by pumping cold water from the bottoms 
of the tanks to a spray condenser fed from the prime steam supply 
(5.4 MPa, saturated). Heated\/ater («265°C) from the spray condenser is 
pumped into the top of the accumulator and excess cold water stored in 
the main boiler feedwater storage tank. During discharge the stored 
hot water is pumped from the top of the tanks and passed sequentially 
through three external flash evaporators, each supplying steam to 
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separate peaking turbines operating over different pressure ranges. 
Cold water from the low pressure evaporator and the condenser is 
pumped into the bottom of the tanks after deaeration, and excess water 
is stored in a separate surge/storage tank. 

Proponents claim storage (turnaround) efficiencies between 75 and 
80 percent, depending on the ratio of charging to discharging times, 
based on a cavern air leakage of 2 percent. The specific energy stor- 
age (actual work out of turbine/storage volume) ranges from 32 to 
34 kWh/m3 for the various charge/discharge ratios analyzed, esti- 
mated direct cost of storage-related equipment ranges from 400 to 460 
$/m3 in 1976 dollars, resulting in a specific storage cost of 11.90 
to 14.30 $/kWh. 
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CONCEPT DEFINITION M 


PROPONENT^) 

University of Houston - R.E. Collins 
Subsurface, Inc. - K.E. Davis 

References 
26, 47 

CHARACTERIZATION 

Medium 13 

Containment 51 

Source of Heat 
Utilization 

DESCRIPTION 

This concept features HTW as the storage medium contained in deep 
saline aquifers. It is essentially a storage concept for use in solar 
electric power systems, but no specific system description is given. 
However, the operating temperatures proposed would make it suitable 
for generating steam to run turbines, as in Concept Definition - 
Variant 3.1 . 

The storage system is charged by pumping hot water (340°C) into an 
aquifer, approximately 1500m deep in order to provide sufficient 
hydrostatic pressure to prevent flashing of the water. Heat is stored 
in some- of the water as well as in the permeable rock formation of the 
aquifer. On discharge the water is pumped out of the aquifer. For 
large storage systems the thermal losses are estimated to be less than 
1 percent per day. The proponents recognize that mineral scale deposi- 
tion in the aquifer (and in any heat exchangers exposed to the HTWJ 
is a serious problem with water at these elevated temperatures. For 
that reason this concept is not now favored. 


HTW up to 340°C (650°F) 

Saline aquifers «5000 ft deep 
Not defined 
Not defined 
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CONCEPT DEFINITION §5 


PROPONENT(S) 

General Electric-TEMPO — C.F. Meyer 


References 
108, 121 


CHARACTERIZATION 

Medium 12 

Containment 51 

Source of Heat 
Utilization 


HTW up to ~200°C (390°F) 
Confined aquifers >150m deep 
Feedwater heating 
Reduced extraction for FWH 


DESCRIPTION 

This concept features HTW as the storage medium contained in con- 
fined aquifers. It is essentially a method providing long-term storage 
of large amounts of heat to facilitate the use of total energy systems. 
However, the operating temperature range proposed makes it suitable for 
use as a feedwater storage system as in Concept Definition #3. 

Figure 9 from Reference 121 illustrates the basic module of this 
storage concept. In order to supply the HTW to be stored and to dis- 
pose of the water withdrawn from storage, two wells - a doublet — are 
used. They are spaced farther apart than the radius for the maximum 
volume of storage. Both tap the same aquifer which is confined top 
and bottom by impervious layers. To charge the system water is cycled 
from the right well to the left well. A heat exchanger keeps the 
groundwater separate from the high quality boiler feedwater. When 
heat is needed from storage, water is withdrawn from the left well and 
injected into the right well, which will be warm compared to native 
groundwater. 

In order to prevent the water from flashing to steam, the hydro- 
static head must 'be higher than the saturation pressure, requiring 
moderately deep aquifers. For example, HTW at 200°C (saturation pres- 
sure ^1.7 MPa), will require aquifers at least 150m deep. Although 
mineral scale deposition is expected to be a problem, at the moderate 
temperatures in vol ved proponents conclude that it should be within cur- 
rent technological capabilities. Direct capital costs for a module 
are power related, rather than total energy related, because the stor- 
age volume of the aquifer is essentially unlimited. A module capable 


C-22 




Figure 9. A doublet Heat Storage Well. 


of delivering 200°C water at a rate of about 160 m /hr (700 gal/min) is 
estimated to cost $350,000 to $740,000 in 1974 dollars. If used as a 
substitute for the feedwater storage in Concept Definition #3, this 
flow rate would produce about 2.5 MW additional electrical output. 
Assuming an 8-hour discharge at constant rate results in a cost of 
about 18 to 37 $/kWh in 1974 dollars. A well field of 20-30 well 
pairs would be used for production of 50-75 MW electric. 

The concept would be more competitive for seasonal than for daily 
load leveling. For the weekly cycle, economic analysis is required. 

A related concept of application is to store HTW during the night 
hours in all seasons and all day long in the non-peak seasons, thereby 
reducing the turbine generator electric output to 80 percent of peak 
capacity during off-peak hours. The stored HTW would supply a district 
heating system serving space-heating loads in the winter season. 
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Rev. 7-18-78 


CONCEPT DEFINITION #6 


PROPONENT(S) 

Ian Glendenning - Central Electricity Generating Board, UK 

James O’Hara - R..M. Parsons, Inc. 

Philip Chow - T.Y. Lin International 

W.L. Greenstreet - ORNL 

References 

200, 152, 153, 222 

CHARACTERIZATION 

See Concept Definitions 1 and 3. 

DESCRIPTION 

Prestressed Concrete Pressure Vessels (PCPV) are an aboveground 
containment means alternative to the PCIV or steel vessels in Concept 1. 
There is over 35 years of experience with prestressed concrete struc- 
tures such as buildings and bridges, in which prestressed tendons 
assure that the concrete is always in compression for expected loadings. 
As pressure vessels, secondary containment for nuclear reactors has 
literature references back to 196^. T.Y. Lin International informs us 
that Bechtel alone has engineered and/or constructed 59 PCPVs in the 
U.S. and abroad, and that the total number of vessels (at about 0.4 
MPa, 60 psi) completed and under construction in the United States is 
210. They report that one for 4 MPa (600 psi) has been completed for 
a reactor. 

Both ORNL and the team of R.M. Parsons, Inc. and T.Y. Lin Inter- 
national have studied conceptual designs for coal gasifier process 
containment. James O'Hara of R.M, Parsons provided data separating 
out the direct costs for the PCPV alone (without ancillary process 
equipment) for several sizes, pressures, and temperatures studied (7 
and 14 MPa, ambient to 1650°C). Cost comparisons between PCPV and 
multiple steel modules had been made in each case; the steel vessels 
cost 2.5 to 5 times as much per m3. 

Glendenning of CEGB has studied underground compressed air storage, 
with storing the thermal energy of compression in packed rock beds in 
an aboveground pressure vessel as a system option. Both PCPV in large 
sizes (28,000 m3. 10 6 ft 3 ) and steel pressure vessels were considered; 
again. 


C-24 



The basic concept of PCPV construction is the field construction 
of a reinforced and prestressed thick concrete wall around a thin steel 
container for thermal storage or other process use. Immediately sur- 
rounding the steel container is a moderately thick layer (0.2 - 0.5 id) 
of high-temperature high-strength concrete, a material costing about 
five times as much as conventional concrete. This material can with- 
stand high temperatures and thermal cycling duty such as rocket test 
stands, jet engine pads, etc. The conventional concrete should not be 
exposed to high temperatures (100 - 250°C limits as mentioned' in vari- 
ous sources) so a cooling system of built-in metal fins and water carry- 
ing tubes may be needed at the interface between high temperature and 
conventional concrete. 

The conventional concrete is restricted in cracking by conventional 
reinforcing bars and placed in permanent compression by inclusion of a 
multiplicity of vertical and perimetrical tendons. While external 
cable wrapping is proposed by some (ORNL, Reference 200), more recent 
technology incorporates the cables at various intermediate radii in 
the concrete, and uses inverted U tendons to apply prestressing both 
to the cylindrical containment and the hemispherical end caps. As the 
concrete is poured in layers of several feet per week conduits are 
incorporated into which the tendons can be threaded. 
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CONCEPT DEFINITION #8 


PROPONENT (S) 

A.B. Atomenergi - P.H. Margen 


References 


60, 156 



CHARACTERIZATION 

Medium 

12 

HTW up to « 220°C 

Containment 

41 

Steel tanks in underground cavern. 
Stress transfer to rock by com- 
pressed air. 

Source of lleat 

11 

Heated feedwater 

Utilization 

1 .11 

Heated feedwater reduces extract' o 
for feedwater heating 


DESCRIPTION 

This concept features storage of heated feedwater in steel tank- 
located in a pressurized underground cavern. The stored energy is 
utilized by supplying heated feedwater, thereby eliminating the .need 
for extraction steam to the high pressure feedwater heaters. 

Figure 1 from Reference 60 summarizes the system concept. The 
storage system is a constant-pressure displacement accumulator consist- 
ing of two insulated steel tanks in a cavern about 60m underground. 

The air in the cavern is pressurized and cooled, permitting use of a 
thin-wall 2.5 cm) tank designed only to contain the static head of 
the stored water plus an allowance for imbalances. An open-surface 
pressure-balancing reservoir keeps the stored water in contact with 
cavern pressure. 

The accumulator is charged by pumping cold water out the bottom of 
the tanks, through the three high-pressure feedwater heaters (thereby 
increasing extraction steam flow to these heaters), and into the top 
of the tank. On discharge the feedwater flow to the high-pressure 
heaters is shunted to the bottom of the tanks and hot water from the 
top is supplied to the boiler, thus eliminating extraction steam to 
the high-pressure heaters. Two methods are suggested to provide for 
the volume change of the water as the accumulator is charged and dis- 
charged. One method utilizes a small steam cushion at the top of the 
tanks, fed with extraction steam to maintain a constant pressure. For 
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the alternative method the accumulator is maintained full of water and 
the expansion volume provided by an expansion tank on the surface. 

For the cycle described the proponent estimates a peak turbine out- 
put about ?5 percent above normal (ie no storage), with suitable 
redesign of the turbines and" condenser . Low-pressure turbine exhaust 
area would be increased about 38 percent above conventional designs, 
or a separate low-pressure turbine provided, to handle the increased 
steam flow during peaking. The high-pressure feedwater heaters and 
the associated steam bleed points must be designed for larger flows 
during the charge cycle. 

Proponent estimates the specific energy storage for this concept at 
35 kWh/md and the direct capital cost of storage-related equipment at 
52 $/m 3 in 1S71 dollars. This results in about 1.50 $/kWh. 
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Rev. 1-27-78 


CONCEPT DEFINITION #21 


PROPONENT 

Exxon - R.P. Cahn, E.W. Nicholson 

References 
16, 17, 66 

CHARACTERIZATION 


Medium 

211 

Oil (Caloria HT43), 38-274°C 

Containment 

23 

Two atmospheric pressure tanks, 

Source of Heat 

21 ,26 

aboveground, without packed bed 
Extraction steam from FWH points and 

Util ization 

1.11 

prime steam 
For feedwater heating 


DESCRIPTION 

This concept describes a method of retaining and using the excess 
heat generated during periods of low power demand when operating a 
nuclear reactor or fossil fuel furnace and associated boiler at steady- 
state conditions. The excess heat is stored as sensible heat in low 
vapor pressure (LVP) organic material at atmospheric pressure, and is 
used during peak demand periods for boiler feedwater and interstage 
steam reheating. The LVP material is stored in a cold oil storage 
tank at approximately 38°C (100°F) when the TES system is in a dis- 
charged state, and is heated to approximately 274°C (525°F) by passage 
through heat exchangers which are heated by a portion of extraction 
steam at various levels of expansion as well as a portion of the pri- 
mary high pressure steam. The heated fluid then flows to a hot oil 
storage tank for retention until needed. 

Since steam turbines can be flexibly operated at partial load by 
varying either the amount of steam fed or the fraction of steam 
extracted at various points, low load conditions are met by extracting 
partially expanded steam and diverting some primary steam to heating 
the oil. High load conditions are met by curtailing the diversion of 
primary steam and the extraction of expanded steam with a consequent 
increase in turbine performance, and during this period feedwater and 
interstage steam reheating are accomplished by heat exchange with the 
hot oil . 

It is calculated that by storing about 25-35 percent of the heat 
output of the furnace or nuclear reactor, about 15-20 percent of the 
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plant's power output can be shifted from low load to high load periods. 
Certain heavy hydrocarbon oils are usable at temperatures below 343°C 
(650°F) if kept isolated from the atmosphere to prevent oxidation and, 
since they have satisfactorily low vapor pressure at the maximum temper- 
ature, may be conveniently stored in atmospheric pressure tankage. 

The system diagram given in Reference 16 indicates that the major 
items of equipment required in addition to those of a normal steam 
plant are the hot and cold oil storage tanks and two heat exchanger 
trains, one for heating the oil during off-peak periods and a separate 
one for heating boiler feedwater and interstage steam during on-peak 
periods. 

In Reference 17, the proponents point out that there are many 
alternate arrangements embodying this concept which involve different 
ways of interconnecting the steam and TES systems, different turbine 
arrangements including use of a peaking turbine or two half-load tur- 
bines, and the concept of using the heat for other heat uses in the 
steam cycle such as intermediate pressure steam production for turbine 
drive of auxiliaries. 


PERFORMANCE 


References 17 and 66 cite the following results of a nuclear power 
plant design study involving this storage concept. 


Type of Power Plant 


Nuclear PWR 


Primary steam, !1Pa/°C (psia/°F) 6.9/285 (1000/545) 
BFW temperature, °C (°F) 260 (500) 

Oil temp., hot/cold, °C (°F) 271/93 (520/200) 


Base case capacity 1043 MW e 

Capacity with storage (see note) 1066 

Minimum output while charging 713 

Maximum output while discharging 1325 


Energy charged to storage, 10 hrs 3533 MWh 
Energy delivered from storage, 

10 hrs 2594 

Thermal storage efficiency 73.4% 


NOTE: The increased capacity of the modified plant results 

from the fact that the larger turbine and condenser 
required for peak operation allows a lower exhaust 
pressure and consequently more efficient operation. 
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CONCEPT DEFINITION - VARIANT #21.1 


PROPONENT 

Exxon - R'.P. Cahn and E.W. Nicholson 

References 

66 

DESCRIPTION 

Two variants of the basic concept are briefly discussed in Refer- 
ence 66; they are storage of hot water coupled with oil storage and use 
of two turbines. 

Water below its normal boiling point, contained in atmospheric 
pressure tankage, can be used for thermal storage up to about 99°C 
(21 0°F) . While hot and cold water tanks, pumps, etc would be required, 
the net effect is more efficient use of the oil storage medium by 
avoiding the low temperature range where the oil is most viscous and 
has its lowest specific heat. 

Another modification involves storing a nominal amount of boiler 
feedwater in a high pressure drum at BFW final temperature. This 
would allow rapid load following and simplified control of the nuclear 
unit. 

Regarding the turbines, it is noted that the difference between 
the maximum and minimum extraction rates imposes a significant design 
problem -on a single turbine. A two-turbine system may be preferable, 
with one designed as a peaking unit optimized either for input steam 
from various takeoffs of the main turbine or for conditions produced 
by using the stored hot oil for generating steam ratner than just BFW 
heating. 
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Rev. 1-27-73 


CONCEPT DEFINITION #22 


PROPONENT 

McDonnell -Douglas Astronautics Co. - R. Hallett, G. Coleman 


References 


62 


CHARACTERIZATION 


Medium 

51,52,211 

Containment 

22 

Source of Heaf 

26 

Utilization 

3.21 


Fixed bed of 1-inch granite gravel 
and #6 silica sand in Caloria 
HT43 heat transfer fluid 
Aboveground, atmospheric pressure, 
steel tank operated with a 
thermocline 

Prime steam generated in concen- 
trating solar receiver 
Steam generated in indirect heat 
exchanger admitted to intermedi- 
ate pressure turbine 


DESCRIPTION 

This concept, along with numbers 23 and 24, was developed as the 
thermal storage subsystem of a concentrating solar collector power 
plant. The function of TES in that context is to smooth out short 
term variations in insolation feg, intermittent cloud cover) and to 
extend plant operation into the hours of darkness. The concept is 
described here because of the relevance of its TES subsystem to the 
load fol [owing task. 

The full system is shown in the accompanying schematic. During 
periods of adequate insolation, superheated steam from the receiver 
is supplied in parallel to the turbine/generator (TUR) and, through a 
desuperheater (DSH), to the thermal storage heater (TSH). The turbine 
flow comprises a conventional steam cycle with the spent steam 
exhausting to the condenser and intermediate steam being extracted to 
feedwater heaters (KWH') and deaerator-heaters (DAH). The thermal 
storage flow, after transferring its heat to the heat transfer oil 
pumped from the thermal storage unit, passes through a detemperator 
( DT ) and a flash tank '(FT) before rejoining the boiler feedwater 
return. 
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When the system is operated on stored energy, hot oil is pumped 
from storage to the steam generator (SGR) where it vaporizes partially 
reheated feedwater drawn from the deaerator-heater. The intermediate 
pressure steam produced is admitted to the turbine at an appropriate 
point for its conditions. 

The system is designed to operate flexibly in a number of modes as 
dictated by supply (insolation) and load conditions: simultaneous 

charging and direct power generation, power generation using solar 
heated steam, power generation using storage heated steam, and simul- 
taneous charging and power generation using storage heated steam to 
smooth out fluctuations due uo intermittent cloud cover. 

The thermal storane units consist of a number of identical cylin- 
drical tanks, axis vertical, installed aboveground, containing 
granite rock and silica sand (in approximately a 2:1 volume ratio) 
with an 0.25 bed void fraction filled with Caloria HT43 heat transfer 
oil. During charging, the heated oil at 316°C enters through a mani- 
fold at the top of the tank and generates a thermocline as it moves 
downward heating the rock and sand. Cold oil at r 23,2°C is withdrawn 
from the bottom manifold and pumped to the thermal storage heater. 
During discharge, the process is reversed; hot opl jis pumped from the 
top manifold to the steam generator and cold oil is returned to the 
bottom of the tank. The heat transfer fluid circuit is isolated from 
the atmosphere, and the tank ullage is kept filled-with nitrogen at a 
small positive pressure. The heat transfer oil is continuously fil- 
tered in the main transfer line, and its condition is maintained by 
periodic removal of a portion for purification by distillation and 
makeup of losses to polymerization. 
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For the specific application described in the reference, four 
tanks are employed, permitting the extraction of 1857 MWht, after 20 
hours hold time at a maximum rate of 285 MWt. The tanks are each 
27.6 in i.d. and 18 Jm high, w-ith the packed bed standing to a height 
of 17.1m and the free oil surface at 316°C at a height of 17.7m. 

The tank is fabricated of structural steel, field welded construction, 
with plate thickness ranging from 44.5 mm at the bottom to 6.35 mm at 
the top. The conical roof and sites are covered with a 204mm blanket 
of fiberglass insulation and a corrugated aluminum weather cover. 

Each tank coatains 20,270 Mg of solids and 1,878 Mg of oil. 

The thermal storage steam generator is a 3-stage unit comprising a 
feedwater heater, boiler, and superheater. Feedwater at 121°C and 
2.76 MPa is heated to 230° C for transfer to the boiler where it is 
converted to saturated steam at the same temperature. Further heating 
produces steam conditions of 299°C and 2.72 MPa at the superheat out- 
put for admission to the turbine. 
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Rev. 1-27-78 


CONCEPT DEFINITION #23 


PROPONENTS) 

Martin-Marietta Corp. - Floyd Blake 
Georgia Institute of Technology - S.H. Bomar 

Reference s 

61 

CHARACTERIZATION 


Medium 

211,311 

Oil (Caloria HT43), 238-295°C and 
molten salt (HITEC), 271-482°C in 
separate stages 

Containment 

23,25 

Low pressure tanks without packed 
beds, two-tank system for salt, 
multiple for oil 

Source of Heat 

26 

Prime steam generated in concen- 
trating solar receiver 

Utilization 

3.21 

Steam generated in indirect heat 
exchanger admitted to intermedi- 
ate pressure turbine 

DESCRIPTION 

Ihe background 

discussion 

relating to Concept Definition 22 


applies equally here. This concept differs, however, in two important 
regards: a two-stage thermal storage system of molten salts and oil 

is used (rather than a single-stage, oil system), and the oil is 
transferred between hot and cold tanks (rather than a packed bed tank 
with a thermocline) . Since the mode of operation of this system is 
essentially like that previously described, the balance of this dis- 
cussion is limited to the characteristics and operation of the storage 
subsystem. 

A schematic diagram of the thermal storage subsystem is shown in 
the figure. Note that both the charging and heat recovery lines con- 
sist of three separate heat exchangers: a desuperheater, condenser, 

and subcooler in the charging line; a preheater, boiler, and super- 
heater in recovery line. The high temperature storage medium (molten 
salt) serves the desuperheater and superheater; the lower temperature 
storage medium (oil), the other exchangers. In charging, the super- 
heated steam generated in the receiver raises the temperature of the 
heat transfer salt from 271 °C, as drawn from the cold salt tank, to 
482°C for storage in the hot tank. The steam then enters the con- 
denser where it is condensed by heat exchange with the colder oil. 
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Source: Reference 61, p A-1&. 













The oil leaving the condenser at 295°C is pumped to a hot oil storage 
tank, and the water leaving the condenser is subcooled to 243°C for 
return to the steam cycle feedwater system. 

Tor steam generation in the discharge cycle, feedwater at 216°C 
and 3.2 MPa is drawn from the steam cycle, preheated, and converted to 
saturated steam at 235°C in the boiler by heat exchange with the hot 
oil. The steam is then superheated to 422°C and 3.0 MPa by heat 
exchange with the molten salt and passed to the turbine. 

The specific design described in the reference for a 150 MWe solar 
plant employs seven spherical, insulated oil storage tanks 23.2m in 
diameter and two spherical, insulated salt storage tanks 15.8m in 
diameter. Only six oil tanks are required to contain the volume of 
oil required by the system; the seventh, empty, tank facilitates the 
transfer by receiving heated (or cooled) oil and avoiding creation of 
a thermocline as a result of returning, this oil to a tank at a differ- 
ent temperature. The oil tanks are constructed of mild steel, and the 
spherical shape is chosen both to accommodate temperature and pressure 
stresses and to minimize heat loss from the tank. The salt system 
employs two spherical tanks, each large enough to contain the entire 
salt charge. The cold salt tank is of mild steel, and the hot tank of 
stainless steel for salt containment above 454°C. 
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CONCEPT DEFINITION - VARIANT #23.1 


PROPOMENT(S) 

Martin-Marietta Corp. - Floyd Blake 
Georgia Institute of Technology - S.H. Bomar 


References 

61 

CHARACTERIZATION 


Medium 

311 

Eutectic heat transfer salt (HITEC, 
Partherm 290), 238°C - 482°C 

Containment 

25 

Three low pressure tanks without 
packed bed 

Source of Heat 

26 

Concentrating solar receiver as 
superheated steam generator 

Utilization 

3.21 

Steam generation in indirect heat 


exchanger 

DESCRIPTION 

Where Concept 23 involves a two-stage thermal storage system with 
oil as the first stage medium and molten salt as the second, this 
variant uses molten salt in both stages. Two configurations are 
possible: independent salt loops for the two stages, and dependent 

loops in which the "cold" tank of the high temperature stage functions 
also as the hot tank of the low temperature stage. An optimization 
study involving the two configurations and the salt storage tempera- 
tures indicates that the dependent system is preferable since it 
requires three tanks rather than four with the salt temperatures set 
at 238°C, 294°C, and 482°C. As in Concept 23, the temperature swing 
between the two lower values is associated with water preheating and 
evaporation on discharge and condensing and subcooling on charge, 
while that between the two upper values is associated with superheating 
on discharge and desuperheating on charge. 
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CONCEPT DEFINITION' #24 


PROPONENT(S) 

Honeywell, Inc. 

References 

51 

CHARACTERIZATION 


Medium 

211 and 52,311 

Oil ( Cal or i a HT43) and reck in 
first stage, 249°C- 303°C; 
molten salt (HITEC) in second 
stage, 299°C - 454°C 

Containment 

21 ,23 

Low pressure, packed bed tank 
with thermocline in first 
stage; two tanks (hot and 
cold) without packed bed in 
second stage 

Source of Heat 

26 

Prime steam from concentrating 
solar receiver 

Utilization 

3.21 

Steam generation fn indirect 
heat exchangers 


DESCRIPTION 

Like Concepts 22 and 23, this heat storage subsystem is part of a 
concentrating, solar-powered electric plant in which the turbine 
receives steam from the receiver subsystem and/or the thermal storage 
subsystem and supplies those subsystems with feedwater. This concept 
combines the oil-filled, packed rock bed, single tank with therniocline 
featured in Concept 22 with the use of molten salts for the 
superheating and desuperheating stages as described in Concept 23. 

The system schematic displays the main equipment units. 

The HI TEC salt is cycled between two cylindrical, stainless steel 
tanks with dished heads mounted with their axes vertical in an insu- 
lated, concrete-walled, underground vault. For a 100 MWe plant, the 
salt tanks are sized for 130 MWht storage with a temperature swing of 
299°C to 454°C. This results in 12.2m diameter by 9.8m height tank 
designs. The oil and rock filled main storage requires two cylindri- 
cal, vertical axis, aboveground tanks of 34.8m diameter and 14.6m 
height capable of storing 831 MWht with a 249°C to 303°C temperature 
swing. The thermal storage system is charged by prime steam at 510°C 
and 10.10 MPa. On discharge, it generates steam at 391 °C and 3.62 MPa 
at a maximum rate of 285.5 MWt for admission to the 70 MWe turbine 
generator. Feedwater is returned to the steam generator at 190.5°C. 
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CONCEPT DEFINITION #25 


PROPONENT(S) 

Bechtel Corp. - William Stevens 

References 

6 

CHARACTERIZATION 


Medium 

211 

Oil (Caloria HT43), 38°C - 260°C 

Containment 

25 

Multiple, atmospheric pressure 
tanks without packed bed 

Source of Heat 

23,26 

Prime steam from high pressure and 
crossover lines 

Utilization 

1 .11 

Feedwater heating 


DESCRIPTION 

The concept described here was selected as the preferred retrofit 
thermal energy storage (RTES) system for existing coal -fired or 
nuclear utility plants in this 1976 study. The study also concluded., 
however, that the fundamental idea of RTES does not warrant further 
investigation due to Us added equipment requirement, high capital 
cost, excessive downtime for installation, and the relatively small 
fuel savings expected. Nevertheless, the concept is included for 
completeness and because of its similarity to Concept 21. 

The present scheme uses the sensible heat of hot oil for feedwater 
heating, thereby replacing the energy that would otherwise be removed 
by extraction steam; a 16-17 percent increase in on-peak output is 
anticipated. It is noted, however, that the low pressure stages of 
standard design turbines are incapable of passing the roughly 50 per- 
cent increase in turbine exhaust flow that results from not extracting 
steam for feedwater heating. Consequently, a separate peaking turbine- 
generator is required in this retrofit application. 

The schematic shows the system components as envisioned for a 
fossi 1 -fueled plant and the flows during on-peak operation. Note that 
steam for the peaking turbine is diverted from the cold reheat line 
(CRH) and the crossover point and that the feedwater reheat flow is 
through the thermal storage heat exchangers. During off-peak .periods, 
a portion of the main steam supply (MS) and of the low pressure supply 
at the crossover is diverted to charge the thermal storage system 
while the balance is used in the main turbine operated normally with 
extraction steam feedwater heating; the peaking unit is idle. 
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Both this concept and number 21 use the stored heat of a hot 
hydrocarbon oil for feedwater reheating but they differ in the follow- 
ing particulars. 

1. To avoid tapping multiple extraction steam locations in a 

retrofit installation, this concept diverts steam from only 
two points: the main steam line and the crossover. 

2. A single tram of heat exchangers is used in this concept for 
off-peak oil heating and on-peak feedwater heating, rather 
than the separate trains of Concept 21. 

3. With the three oil storage tank arrangements used here (one 
for hot oil, one for cold, and one for either), the total 
tankage volume need be only 1.5X that of the oil rather than 
2X as in the two-tank arrangement of Concept 21. 

4. Finally, since this is a retrofit concept, a peaking unit is 
specified rather than the ab -initio design of a mam turbine 
capable of no-extraction operation. 
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CONCEPT DEFINITION #26 


PROPONENT^) 

General Atomic Co. 

Oak Ridge National Laboratory 


References 

95,53; 37,110 


CHARACTERIZATION 


Medi urn 

3111 

Containment 

25 

Source of Heat 

31 

Utilization 

3.4 


Molten salts (HITEC), 288°C - 543°C 
Multiple low pressure tanks without 
packed bed 

Intermediate helium loop of high 
temperature gas-cooled reactor 
Generate prime steam for peaking 
turbine 


DESCRIPTION 

This concept provides a means by which a high-temperature gas- 
cooled reactor operating at steady state can provide electrical power 
to a varying load by calling on thermal energy stored as the sensible 
heat of molten salt. The associated figure from Reference 95 illus- 
trates the concept. Heat generated in the reactor core is transferred 
from the core-cooling primary helium loop to the intermediate helium 
loop which interfaces with the balance of the system. The intermedi- 
ate. loop flow supplies two heat exchangers in parallel. The first, a 
helium heated^steam generator, powers a conventional steam cycle, base 
load plant, t he second, a helium/molten salt heat exchanger, is used 
to charge the thermal storage system as the salt is transferred from 
the cold to the hot tank. To satisfy peak power demands, the hot salt 
is pumped through a steam generator to the cold storage tank, and the 
steam generated is used to drive a peaking plant turbine-generator. 

The base load plant steam generator develops steam conditions com- 
parable to those of modern fossil fueled plants: 510°C and 16.64 MPa 

at the high pressure turbine throttle and 538°C and 3,79 MPa in the 
hot reheat line to the intermediate pressure turbine. Feedwater is 
returned to the steam generator at 187°C and 20.44 MPa. 

For the peaking plant cycle, the heat transfer salt at 543°C is 
cooled to 288°C as prime steam is generated at 483°C and 13.93 MPa 
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and hot reheat steam 511°C and 3.86 MPa. Feedwater at 188°C and 
15.79 MPa returns to the steam generator. 

The salt storage tanks are free-standing coni cal -roofed, cylindrical 
vessels of conventional design. The cold tank is of carbon steel and 
the hot tank of stainless steel. Tank wall plates are tapered in 
thickness from bottom to top to match the reducing stress. Tanks are 
insulated on the exterior to reduce surface temperature to 66°C. In 
the application described, associated with a 2000 MWt reactor, four 
hot salt tanks and four cold salt tanks, each 36.6m i.d. and 17.4m 
hi qh , are required. The ullage space in the system is filled with 
nitrogen at slightly above atmospheric pressure. 
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CONCEPT DEFINITION #27 


PROPONENT(S) 

General Electric Co. -Space Division 


References 
134, 38 


CHARACTERIZATION 

Medium 5,21 

Containment 23 

Source of Heat 
Utilization 


Fixed rock bed (type unspecified) 
plus a minimum quantity of oil as 
a heat transfer fluid 
Multiple, low pressure tanks with 
packed bed; establish thermocline 
Unspecified, other than solar energy 
system 
Unspecified 


DESCRIPTION 

The essence of this concept is its use of gravity-fed trickle flow 
of oil as a heat transfer fluid through a rock bed as the heat storage 
medium to both charge and discharge the system. This form of sensible 
heat storage v/as proposed for use with various solar energy systems in 
which it could be adapted to particular temperature ranges by the 
appropriate choice of oil. 

Heat transfer accomplished by a thin film of oil covering the rock 
is expected to be more effective than the usual convective mechanism 
occurring in a dual-medium, oil-filled rockbed. The higher heat 
transfer coefficient of the oil film also results in more rapid 
response of the storage medium, thereby maintaining a sharp thermo- 
cline as the oil temperature varies through the charge/discharge cycle. 

The rockbed is contained in unpressurized, nitrogen-blanketed 
tankage of either of two designs. The first design consists of one 
small tank and two or more (as necessary for sizing) large tanks; the 
second, of one or more large tanks compartmentalized by insulated 
separators. Appropriate valve and pump arrangements permit charging/ 
discharging the separate tanks or compartments in series or in parallel. 
The purpose of these configurations ">s to enable full high temperature 
response from a subvolume when the total system is only partially 
charged, since the charge and discharge flows are in the same direc- 
tion. In either design, the rockbed rests on a support plate over the 
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oil sump and is topped by a perforated oil distribution plate; no 
complex manifolding is needed. 

The small oil inventory, about 1,0 percent of the void volume plus 
that necessary to fill heat exchangers and piping, permits use of a 
more expensive oil without incurring a severe economic penalty. For 
applications to about 316°C, the more expensive Therminol-66 would be 
preferred to cheaper hydrocarbon oils because of its better stability 
and greater heat capacity. 
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CONCEPT 

DEFINITION m 

PROPONENTS) 

M. Riaz, et al 

- University 

of Minnesota 

References 

76-80, 10, 11, 

.ta 

CO 

cn 

CO 

o 


CHARACTERIZATION 

Medium 

51 ,52 

Rock bed (silica, granite, etc), 

Containment 

53 

250°C - 500°C 

Packed bed in unpressurized 

Source of Heat 

33 

excavations 

Hot air from unspecified source as 

Util ization 

3. 4, other 

heat transfer fluid 
Steam generation by indirect heat 


exchange with hot air 

DESCRIPTION 

The referenced concept is not so much a particular system as a 
continuing investigation of the properties of large scale, underground 
or near-surface prepared rock beds as high temperature (250°C - 500°C) 
heat accumulators capable of storing energy for up to six months. 
Energy derived from off-pea'k excess thermal energy from power planes, 
may be stored in large-volume packed beds of native earth or rock 
materials, and recovered at rates appropriate for seasonal load 
leveling. 

The basic accumulator configuration is an array of trenches filled 
with pebbles, crushed rock, or naturally formed porous rock and sur- 
rounded by undisturbed earth. Various arrangements of manifolds at 
the top, center, and bottom of the beds to direct the air flow are 
investigated. The basic mode of operation is to charge the bed by 
means of a hot air flow in one direction, and to recover the heat at 
a later time by a cold air flow in the opposite direction. Results 
indicate that there is a range of designs and construction methods 
offering the potential for stable heat storage with acceptably low 
flow work. The studies include an investigation of the thermal prop- 
erties of native rock and methods of modeling the two-phase heat 
transfer between rock and air. 
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CONCEPT DEFINITION #30 


PROPONENT (S) 

Robert H. Turner - Jet Propulsion Laboratory 

References 
91 

CHARACTERIZATION 

Medium 
Containment 

Source of Heat 
Conversion 


41 Steel to 400°C 

1 Storage media self-contained 

hollow steel ingots 
21 ,26 Steam 


DESCRIPTION 

This concept features a base load power plant integrated with a 
thermal storage unit. The thermal energy is stored in the form of 
heat in hollow steel ingots which come in direct contact with the work- 
ing fluid (steam) of the power cycle. The source of energy for cnara- 
ing is from extracted steam. The storage vessel and the storage medium 
are one and the same in this concept. It consists of ingots of steel 
which have square -cross section with a hole in the middle. These 
ingots are essentially thick square pipes stacked one on top of 
another. Durinq off-peak hours steam is passed throuqh a system of 
manifolds to hollow section of the ingots, thus storing heat in the 
steel. Durinq peak hours water is fed throuqh the manifolds to the 
steel inqots, thus exchanqinq heat from the steel to the water for the 
purpose of either feedwater heating, boilinq, or superheatinq. No 
favored or optimum cycle arrangements or extraction points are 
mentioned. 
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CONCEPT DEFINITION - VARIANT 30.1 


PROPONENTS ) 

Robert H. Turner - Jet Propulsion Laboratory 

References 

91 

CHARACTERIZATION 


Medi urn 

41 

Steel to 400°C 

Containment 

11 

Storage media self-contained, 
hollow steel sandwiches 

Source of Heat 

21 ,26 

Steam 

Conversion 

- 



DESCRIPTION 

This concept is identical to Concept Definition 30 in principle of 
operation. Its variation comes in the area of fabrication and leads 
to a significant reduction in cost. Rather than using hollow steel 
ingots, hollow electroslag welded steel sandwiches are used. These 
sandwiches are constructed by taking two steel plates, that are held 
apart by two narrow spacers which run the length of the sides of the 
plates, and electroslag welding the spacers and plates together. By 
using this method of fabrication the cost per pound can be reduced 
from 45<t per pound for ingots to 30£ per pound for the sandwiches. 

This is a cost reduction of 33 percent for the storage container/ 
media. 
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CONCEPT DEFINITION - VARIANT 30.2 


PROPONENT 

Robert H. Turner - Jet Propulsion Laboratory 


References 

91 


CHARACTERIZATION 

Med i um 41 

Containment 11 

Source of Heat 21 ,26 

Conversion 


Steel and sand to 400°C 
Steel tube matrix 
Extracted steam 


DESCRIPTION 

In this variation sard is used as a solid storage media to 
replace some of the steel. This system consists of a matrix of steel 
tubes which are closely packed together. Around the tubes is poured 
an inexpensive solid. In this case sand is used. The principles of 
operation from this point on are essentially the same as in Concept 
Definition 30. Off-peak steam is passed by a manifold to the steel 
tubes. This transfers he at di rectly to the steel and indirectly to 
the sand. During peaking the process is reversed and heat is trans- 
ferred from the sand and steel back to water being passed through the 
tubes for either feedwater heating, boiling, or superheating. The 
advantage of this system over the preceding two variants is that the 
space between the pipes which had essentially been filled with steel 
before would now be filled with inexpensive sand, thus reducing the 
cost for the storage media. 
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CONCEPT DEFINITION - VARIANT #30,3 


PROPONENT(S) 


Robert H. Turner, 

Henry I, 

Awaya - Jet Propulsion Laboratory 

References 



91, 180, 181 



CHARACTERIZATION 



Medium 

41,13 

Slab steel and HTW store energy 

Containment 

11 

The slab steel is the container 

Source of He at 

13 

Water from steam drum in boiler 

Util ization 

1.11 

Replaces FWH 


DESCRIPTION 

A more recent concept now being 'analyzed was described by R.H. 
Turner on February 9, 1978. Using the concept of thick steel slabs 
assembled by electrosiag welding as a low cost containment and storage 
medium, this variant assembles long slabs, 15.2 cm (6") thick into 
square containers, for example 81.3 cm (32") O.D. and 50.8 cm (20") 
I.D. 


The concept is that there would be an array of these square chan- 
nels as shown in Figures A and C from Reference 181, connected in 
series (or series/parallel ) . Steam put in one end would heat the iron, 
be desuperheated, condensed, and subcooled. In addition to the storage 
of heat irr the steel, the condensed water would be retained in the con- 
tainers as additional thermal energy storage. 

. Claimed advantages are the low cost of steel slab, compared to 
rolled plate for tanks; low cost of electroslag welding as an assembly 
means, increased storage energy density (over Variants 30 to 30.2) by 
using HTW as well as the steel for storage, and safety compared to 
large steel tanks or PCIV in that catastrophic failure of one of the 
square containers is less hazardous than catastrophic failure of one 
large tank. 

Figure B from Reference 181 indicates a mode of use as feedwater 
loop perturbation. The highest temperature water is obtained by pene- 
trating the boiler island to extract saturated water from the steam 
drum. Excess steam extraction and preheat by the economizer is 
required. On discharge steam extraction for FWH is reduced or elimi- 
nated and HTW from storage is injected into the steam drum. The main 
turbines must be designed for safe operation at the increased steam 
flow during this period. A thermocline mode of operation of the 
thermal storage unit is assumed, ie a moving interface between hot and 
cold water during charge and discharge. 
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CONCEPT DEFINITION #31 


PROPONENT(S) 

Energy .Convers ion Engineering Company - A. Selz 


References 

31, 105, 155, 171 (Sulfur data: References 27, 82, 87, 90) 

CHARACTERIZATION 


Medium 

32 

Molten sulfur, alone or with rock 
or iron packed bed 

Containment . 

2 

Low pressure tankage; number and 
arrangement unspecified 

Source of H_eat 

1,2 

High temperature water or steam 
from PWR 

Utilization 

3.21 

Raise steam for peaking TG in 
indirect heat exchanger 


DESCRIPTION 

The, essential feature of this concept is the use of liquid sulfur 
as a sensible heat storage medium. It is argued that low cost (<7.5 
<t/kg), presumptive long-term stability since it is an element, and 
liquid, range (m.p. 115°C, b.p. 444°C) favor its use as a thermal 
storage medium. • 

,The early references cited envision a liquid sulfur TES system 
■employing a single, large, spherical tank of stainless steel (presum- 
ably operated with a thermocline) and used for load leveling by a 
nuclear PWR plant. Subsequent work has extended this concept to 
include dual -media systems of sulfur and fixed beds of rock or cast 
iron, the use of hydrogen sulfide at 3 atmospheres to reduce viscosity, 
the use of' aluminized low-alloy steei for containment, and storage 
temperature swings of 85-100°C with the high temperature to about 
430°C for fossil -fired generating plant applications. 

It may be assumed that TES charging is accomplished by prime 
steam, and) that utilization of stored energy is by steam generation 
to, increase tpower; no specific power cycles are given. 
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CONCEPT DEFINITION if 32 


PROPONENT (S) 

Boeing Engineering and Construction Co. 


References 


12, 13, 224 



CHARACTERIZATION 

Medi urn 

62 

Magnesium oxide firebrick checker- 
work 

Containment 

11 

High pressure, welded steel tankage 
operated with a thermocline 

Source of Heat 
Utilization 

31 

Heated helium from concentrating 
solar receiver 

To heat helium for use in closed 
cycle gas turbine-generator 


DESCRIPTION 

This thermal storage concept is associated with a high temperature, 
helium-cooled, concentrating solar receiver and a closed-cycle, helium 
turbine, power plant. The storage unit consists of several parallel, 
high pressure, insulated, steel cylinders filled with a checkerwork of 
magnesia firebrick with manifolds at both ends (see illustration); the 
flow in each cylinder is distributed by a packed bed of alumina 
pebbles in the hemispherical endcaps. 

During the charge portion of a cycle, compressed helium is heated 
in the receiver and fed to the turbine and the storage unit in parallel. 
During discharge, the helium flow direction through the storage unit 
is reversed providing hot gas to the turbine as shown in the plant 
schematic figure. 

Helium is delivered to the turbine at temperatures between 594°C 
and 816 & C. The storage medium temperature swing is approximately 264°C. 
A turnaround efficiency of 72 percent is reported. 

Cast iron bricks and magnesia bricks are compared in Reference 224, 
with the higher cost per kg of iron being cancelled by the lower cost of 
containment beca.use of higher density; resulting cast iron TES is 5 per- 
cent less costly than magnesia TES. 


C-56 




High PrMsure 
Containment 
Vessel* 


Ch3 r QQ Cycle 


Receive' 



O Magnesia (MgO) brick 
checkerwork 

© Temperature swing = 

264°C {443° F) 

© Critical technical problems 

• Brick erosion 

• He stream contamination 
» Large insulated pressure 

vessels 


S/ Ditcharcc C\ 



v \ 

r"~*r 




Laaa/* 

r- 


w 

LmJ 

r 



Pf? cooler 


Prtcoolir 


C-57 









2-3-78 


CONCEPT DEFINITION #33 


PROPONENT(S) 

University of Houston - R.E. Collins 
Subsurface, Inc. - K. Davis 

References 
169, 170 

CHARACTERIZATION 

Medium 
Contai nment 

Source of Heat 
Util ization 

DESCRIPTION 

The proponents suggest that solution-cavity storage of hot fluids 
in salt deposits is an economic alternative to hard rock excavation. 

Many products are now stored and recovered from such caverns including 
natural gas, hydrogen and oxygen, butane and propane, and ethylene. 

Crude oil reserves are also being so stored, so hot oil storage may 
be practical without liners for materials compatibility or stress 
transfer. Multimillion barrel capacity caverns are current (>200,000 m3) . 
For the pressurized gases and liquids stored, security, safety, reli- 
ability appears well tested. No example of hot fluid storage is 
given so thermal stress affects are unknown. 

One of the proponents suggests solution mining with brine, 
replacing the brine with cold oil, and gradually raising the tempera- 
ture by removing cool and injecting hot oil so stress transients are 
minimized. Separate hot oil and cold oil caverns are preferred with 
pressurized inert gas ullage forming a cap in each tank. 

The possibility of packed bed (pebbles) is mentioned, to reduce 
oil costs, but this would appear to require a thermocline approach 
with risk of thermal stress. 

Proponent estimates current cost of a two-cavern system (nearly 
half-a-million m3 of excavation) at $3.0 million, or 6.7 $/nw. 

Roughly 20 States have significant salt deposits as domes or beds. 


21 Hot oil 

5 Unlined salt-dome solution mined 

cavern 

Not specified except solar 
No details 
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Figure 1 

SCHEMATIC OF A SALT CAVERN LEACHING OPERATION 
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CONCEPT DEFINITION #35 


PROPONENT(S) 

General Electric Co .-TEMPO — W. Hausz 


References 

Internal documentation - conceived during this project. 

CHARACTERIZATION 

Medium 

Containment 

Source of Heat 

Utilization 

DESCRIPTION 

This concept is primarily a method of operating dual media, oil/ 
rock or salt/ rock storage systems with a smaller amount of heat transfer 
fluid [oil or salt} required yet retention of the conventional thermo- 
cline motion of Concepts 22 and 24 rather than the trickle charge 
method of Concept 27. 

When large quantities of required storage make multiple modular 
storage tanks feasible, it is not necessary to have the voids filled 
with heat transfer fluid in all packed beds of rock, sand, and/or other 
minerals. Some fraction can be drained beds filled only with hot rock 
and an inert gas when fully charged; or filled only with cold rock and 
inert gas when fully discharged. Enough oil to fill the voids in at 
least three tanks, plus the pipelines and heat exchangers is adequate. 
For the sketch below, if N tanks are arrayed with say tanks 2 and 3 
filled with cold oil and rock, tank 2 would be connected to the heat 
exchanger, cold oil pumped from the bottom of the tank, through the 
heat exchanger and back into the top as hot oil. When the thermocline 
in tank 2 has descended roughly three-fourths of the way to the bottom, 
tank 3 is connected to the heat exchanger to continue the charging 
operation. Meanwhile the oil in tank 2 is drained from the bottom, and 
pumped into the bottom of drained tank 4. The state of tank 2, lower 
quarter cold oil and rock, upper three-fourths hot oil and rock, is 
just such that all the oil will come out cold and the hot oil will heat 
the rock in the bottom quarter of the tank, providing that the relative 
heat storage in oil and rock are 1:3 (a function of the void volume). 

The process is continued, draining tank 3 to fill tank 5, etc until 
all are fully charged. 


5,21,31 

22,23 

(See Concept Definitions 22, 24, and 27) 
(See Concept Definitions 22, 24, and 27) 
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Figure 3. Tank and pipeline configuration. 


In discharge a similar process pumps hot oil out of the top of a 
filled tank, say tank 2, through the heat exchanger, and pumps the 
resulting cold oil into the bottom of this tank until the thermocline 
is roughly three-fourths the way to the top. At this point the hot oil 
from tank 2 is switched to tank 4 to fill the void. The top of tank 3 
is connected to the heat exchanger, a supplementary tank 1 delivers 
cold oil to the bottom of tank 3, and the cold end of the heat 
exchanger returns cold oil to tank 2, At the end of this step, tank 2 
is full of cold oil, tank 3 is being discharged, and tank 4 is charged 
with both hot oil and rock. The process continues, with each tank 
being drained of its cold oil in the step described involving tank 1. 


In addition to the continuing sequence transfers, a few extra 
steps are required at the end of the charge and discharge cycle to 
establish the desired conditions for the next cycle. The figure above 
indicates seven tanks, as many more as needed could be used, and five 
parallel transfer lines to connect top and bottom ends of the tanks to 
the heat exchanger and to each other in the cycle briefly described. 


This concept has been expanded and described in a patent disclosure. 
The material in this report has been in part supported by DOE/NASA and 
in part supported by EPRI. The invention disclosure has been considered 
as a product of the research sponsored by EPRI, and assigned thereto. 
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CONCEPT DEFINITION #41 


PROPONENT(S) 

Xerox Electro-Optical System - J.A. Carlson 


References 

19 

CHARACTERIZATION 

None 


DESCRIPTION 

At this time a complete concept definition is impractical since 
the proponents have only submitted a brief project summary. However, 
their cycle representation is sensible and deserves attention. 

Two different cycles are proposed using a PCM. One is a latent 
heat system, the other a hybrid latent-sensible heat system. The 
candidate fluids for both PCM and sensible were not discussed. Both 
systems were designed to be incorporated into a solar power plant. 

System 1 (Figure 1) - Latent Heat Only 

This scheme uses latent heat storage at two different temperature 
levels to produce a superheated vapor. Large temperature differences 
exist between 

1. Collector temperature and lower storage level temperature. 

2. Upper storage level and cycle temperature. 

Large temperature differences mean more availability losses and 
this was the main reason for proposing a hybrid system. 

S ystem 2 (Figures 2 and 3) - Latent-Sensible 

In this system, latent heat is used to preheat and boil a working 
fluid while sensible heat is used to superheat. Note that no large 
temperature differences exist between collector, storage, and cycle 
operating temperatures. Collection takes place at two different 
temperature levels for the latent and sensible points. 
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CONCEPT DEFINITION M2 


PROPONENTS ) 

T.A. Chubb - Naval Research Laboratory 
O.J. Nemecek 
D.E. Simmons 


References 


22, 102, 103, 104 



CHARACTERIZATION 

Medi urn 

85 

Molten salt (MgCl , NaCl, KC1 ; 
M.P. 385°C) 

Containment 

32 

Low pressure tank, PCM encapsulated 
into packed bed 

Source of Heat 

37 

Solar collector fluid, terphenyl 

Utilization 

4.22 

Boiling and superheating steam in 
evaporating condensing heat 
exchanger 


DESCRIPTION 

This concent was developed for a solar thermal power plant, but is 
applicable to the present study because of its ability to follow a 
load curve. 

The storage medium in this system is a PCM consisting of NaCl , KC1 , 
MgCl . . This salt eutectic has a melting point of 385°C. The system 
consists of the salt sealed in cans hung in a rack inside of a 
pressure-tight tank. Each container has its entire surface area v 
exposed for maximum heat tranfer area. In the bottom of the main ta'nK - 
is a system of heat release pipes which exchange heat from the solar N 
collector fluid to a reservoir of heat transfer fluid, m-terphenyl 
(boiling point 365°C @ 1 atm). The heat causes the m-terphenyl to 
boil which in turn raises the pressure inside the mam tank. The 
m- ternlienyl then condenses on the cooler salt containers, releasing 
heat to the salt and causing it to melt. This continues until all the 
salt is melted after which point there is a rapid increase in tempera- 
ture and pressure of the tank. The tank is said to be full once all 
the salt has been melted. In order to discharge the tank water is 
passed through a system of boi ler /superheater pipes at the top of the 
tank. The m-terphenyl vapor condenses on these pipes, thereby 
exchanging heat with the water and causing it to boil and superheat 
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the steam. The condensing of the m-terphenyl lowers the pressure in . 
the tank. At this lower pressure heat is tranferred from the salt to 
the m-terphenyl liquid causing it to evaporate off the salt container 
and thus replen-ish the condensing vapor. This process is continued 
until all the salt is frozen. Durino the tune of evaporation the salt 
container is kept wet by a circulation system which sprays the liquid 
m-terphenyl over the salt containers. 

The steam generated in the boiler superheater pipes is used to run 
a turbogenerator set. No mention of operating points of the turbine 
were made. 
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CONCEPT DEFINITION - VARIANT #42.1 


PROPONENT(S) 

T.A. Chubb - Naval Research Laboratory 
O.J. Nemecek 
D.E. Simmons 

References 

22, 102, 103, 104 

CHARACTERIZATION 

Medium 
Containment 

Source of Heat 
Util ization 

DESCRIPTION 

The proponents list a number of other salts and appropriate heat 
transfer fluids which may be used in the "Energy Storage-Boiler Tank" 
described in Concept Definition 42. The choice of the salt/heat 
transfer fluid pair depends on the temperature of storage desired. 

The proponents suggest that for large generation plants a two- 
temperature thermal storage system would be desirable. A possible 
choice salt and heat tran sfer fluid for a second temperature of stor- 
age, in addition to the one mentioned in Concept Definition 42, is 
CaCI , KC1 , NaCl with a melting point of 540°C for the salt and PgSg 
with a boiling point of 514°C for the heat transfer fluid. The pro- 
ponents do not state what the exact usage of the two storage tempera- 
tures are, whether one temperature would be used for boiling and the 
other for superheating or whether steam of two temperatures and 
pressures would be generated separately. 



Molten salts 385°, 540°C 
Low pressure tank 
Packed Bed PCM 
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CONCEPT DEFINITION #43 


PROPONENT (S) 

Comstock & Westcott, Inc. - B.M. Cohen 


References 

25 


CHARACTERIZATION 

Medium 

81,84 

Inorganic salt eutectic consisting of 



NaOH and NaNOq 

Containment 

31 

PCM in shell /HTF in tubes 

Source of Heat 


Solar 

Utilization 


Stored heat replaces heat from 



collectors during little or no 

DESCRIPTION 


insolation 


This system was designed for use in solar collecting systems, 
specifically for the Solar Total Energy Test Facility in New Mexico. 

At present no concrete design has been investigated because some com- 
puter modeling and conceptual remarks were made in their project 
summary. 

The PCM selected is a salt mixture of 92 percent anhydrous NaOH 
and 8 percent NaN 03 (known as Thermkeep)' which undergoes a phase 
change between 240-31 0°C. The proposed working fluid is Therminol-66. 
The storage unit consists of an insulated vessel containing Thermkeep 
with a tubular -heat exchanger immersed inside. T-66 enters at 310°C 
through the top and leaves at the bottom during charging It enters 
the bottom at 240°C during discharge. The top of the storage unit 
remains the hottest during both charge and discharge while, theoreti- 
cally, no gradient should exist during steady-state. However, a 
recent personal communication with Mr. Cohen revealed that a slight 
gradient did exist in their small experimental unit currently being 
tested. 
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CONCEPT DEFINITION #45 


PROPONENT(S) 

D.D. Edie, et al - Clemson University 

References 

32 

CHARACTERIZATION 

None 


DESCRIPTION 

The proponents discuss the possibility of a direct contact heat 
exchanger/storage system applicable to heat of fusion TES units. At 
the time of the project summary paper, September 1977, the selection of 
both a suitable PCM and immiscible fluid were underway with the latter 
proving to be more difficult. The proponent was concerned with 
temperatures lower than are of interest to us. 

The system operates as follows: during charging the immiscible fluid 

(with a lower density than the PCM) enters the bottom of the storage 
tanks and travels upward, heating the PCM. During discharge the low 
temperature immiscible fluid (still being a lower density) is again 
injected into the bottom and is heated up by the salt. This is shown 
schematically in Figure 1. 

Regarding the PCM selection, the proponents feel any number of 
inorganic salt hydrates would be suitable once criteria such as low 
cost, corrosiveness, heat of fusion, and temperature range were used 
to screen down, to an appropriate number. For an initial study, they 
chose Na 2 HPC> 4 ' 1 2 H 2 O as a suitable PCM (temperature range of 16 to 60°C). 

The selection of appropriate immiscible fluids has provided only 
one "ideal" fluid, this being Fxxon's Varsol 18. Several other fluids 
were investigated and tested (Dow Corning and several oarafin hydro- 
carbons) but were rejected because of an emulsion which formed. This 
emulsion is viscosity dependent, however, and applications at higher 
temperatures would allow such fluids to be considered. 
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Figure 1. Immiscible fluid-heat of fusion storage system. 


Varsol 

Based on experimental data with the and Varsol 18, 

storage efficiencies are three times greater than a water storage 
system operating at the same temperature range. It does seem inappro- 
priate to make this comparison since water systems operating at higher 
temperatures have excellent storage efficiency and this concept has 
yet to be attempted at temperatures applicable to power plant 
operations. 
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CONCEPT DEFINITION #46 


PROPONENT (S) 

Honeywell Corp. - R.T. LeFrois 


References 

176 


CHARACTERIZATION 


Medi um 81 

Containment 21 

Source of Heat .26 
Utilization 1,3.51 


Sodium nitrate + 1 percent NaOH 
Steel tank 
Solar application 
Liquid-sol id. PCM indirect HX in 
storage tank 


DESCRIPTION 

This concept is basically a PCM storage tank with condenser and 
boiler tubes for charging with live steam and discharging by vapor- 
izing feedwater. The tank is square, built of thin (1.27 cm) plate 
walls stiffened by horizontal I-beams welded to the plate. The 
condenser is composed of horizontal tubes near the bottom of the 
tanks. The lower density of the melt causes convection adequate for 
agitation. The va'porizer tubes are also horizontal and near the top. 

One novel feature is the use of an off-eutectic mixture of NaNOj 
plus 1 percent of NaOH. This is used over a narrow temperature band 
of temperatures, 298-303°C, which is well above the solid as line at 
246°C and below the 300°C melt point of NaN 03 . A slush exists over 
the working temperature range. The tendency of a thick deposit of 
salt to reduce heat transfer at the vaporizer is inhibited by a novel 
scraper on each tube comprising a series of inclined plates with semi- 
elliptical holes that closely fit the circular cubes (as in the 
figure). A set of these plates is welded to a support rod. Two such 
support rods make the plates surround the tube. Two halves of a 
chain-drive sprocket hold the plates to a 0.13mm tolerance around 
the tube. A chain drive rotates the rotary scrapers on a number of 
tubes, at up to 200 rpm. 

A system based on this PCM concept was compared with the sensible 
heat concepts described in Concept Definition 24, (and in Reference 
51). It appeared economically superior but had more technical risk. 
Some work has continued at Honeywell. 
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CONCEPT DEFINITION #47 


PROPONENT(S) 

J,R. Gintz - Boeing Engrg. & Construction 

References 
12, 13 

CHARACTERIZATION 


Medium 

83 

Inorganic eutectic salt consisting 



of NaF-Zn F 2 

Containment 

31 

Buried concrete vessel 

Source of Heat 

31 

Helium used in Brayton cycle of a 



solar energy power plant 

Util ization 


Heat stored can take place of 


receiver to heat helium 

DESCRIPTION 

The proposed concept was designed to be integrated into a solar 
power plant utilizing the Brayton cycle to smooth out fluctuations 
resulting from little or no insolation. This system stores energy for 
six hours, then discharges for six hours, producing 50 MW e of power. 

During times of direct sunlight, excess helium is sent through a 
modified tube/shell heat exchanger and liquefies the salt eutectic. 

The reverse procedure is initiated during discharge with the helium 
being used either to supplement or completely replace the heat source 
of the receiver. 

The phase change storage concept is a buried square tank. The 
outer wall is constructed of reinforced concrete while refractory 
brick will provide the required insulation. The inside of the tank is 
to be lined with Hastalloy-N to avoid contact between insulation and 
salt mixture. The tubes (~30,000) are to be constructed of Inconel 
617. 


Salt Characteristics 
Tmelt = 640°C 

AHe - 143 cal/gr = 586 kJ/kg 
Cost =0.97 $/kg 
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Cost Analysis 


Account 

Quantity 

Unit ccwt 

Total co»t (M $} 

Salt (fluonde eutectic) 

4 2 x 10 6 kg 

0 97 S/kg 

39 

Storage container 

(square, 123m k !2 3 mx 12 1 m) 

722 m 3 

970 S/m 3 

0 7 

Insulation 

135 m 3 

74 1 S/m^ 

0 1 

Heat exchanger 

(0.96 cm O D x 121 m) tubes 

33,600 tubes 

51 8 S/tuba 

1 7 

welds 

33,600 welds 

12.0 $/weld 

04 

Manifold allowance (20%) 

24 38 MW 


0 5 

Helium circulation system 

(pumping 

capacity) 

53,500 S/MW 

1 3 

Total 

86 


This system has a turnaround efficiency of 62 percent. 



State 

Point 

Temp 

(°C) 

Press 

[MN/ra 2 ] 

1 

49 

1.80 

2 

581 

3.45 

3 

816 

3.32 


Figure 1-6. Storage Plant Schematic 
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CONCEPT DEFINITION #48 


- Angelo Ferrara, George Yenetchi , 
Robert Haslett, Robert Kosson 


PROPONENTS ) 

Grumman Aerospace Corp. 


References 


35, 36, 132 


CHARACTERIZATION 

Medi urn 

81 ,85 

Containment 

31 ,33 

Source of Heat 

26 

Utilization 

1 .312 


Inorganic PCM eutectics of either 
nitrates/nitrites or chlorides 
Either tube/shell or liquid metal 
immiscible 

Prime steam (input to HP turbine) 
Heat either replaces FWH or steam 
generated for HP turbine 


DESCRIPTION 

This is one of several TES units proposed by Grumman as applicable 
to a supercritical fossil fuel plant with the following characteris- 
tics : 


MW nst - 540 

Throttle pressure - 24 MPa 

Throttle temperature - 538°C 

Reheat temperature - 538°C 

The TES unit was designed to supply 5 percent of the peak power. The 
unit was two-stage and can be categorized as follows: 

° S tep 1 : Single loop regenerative heating with the heat source 

obtained from main steam and used as a replacement in feed- 
water heating. 

® S tep 2 : Single loop separate power conversion loop also 

receiving heat from the main steam but using heat in own 
power cycle for auxiliary power output. 

Both TES units utilized the heat of fusion of a eutectic salt. 
However, analysis showed that sensible heat contributed to 30 percent 
of the total energy stored. For stage 1 two eutectics were used: 

1 - KC1 -NaCl -MgCT storing 33 percent 

2 - NaCl*NaN 03 storing 67 percent 
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For stage 2: 


1 - CaCVKCl-NaCl 

2 - KCl-RaCl*MgCl 2 

3 - NaCl *NaN0 3 • 


storing 16 percent 
storing 32 percent 
storing 52 percent 


Vertically separated, 
count-erf low HX 


The unit was designed to store energy over an 18-hour period and 
supply over a 6-hour period completing its daily cycle. 


Two heat exchanger concepts were proposed. One was a tube/shell 
with the salt on the shell side while the other employed direct 
contact between salt and liquid metal with a separate 1 iquid-metal/ 
working fluid heat exchanger. 


Net Plant Heat Rate out 
Net Plant Heat Rate in 


(claimed ?) 


LOCATION 2 SINGLE LOOP REGENERATIVE 
HEATING AUGMENTATION 


CONDENSATE 
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LOCATION 8 SINGLE LOOP SEPARATE POWER CONVERSION LOOP 
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CONCEPT DEFINITION - VARIANT #48.1 


PROPONENT(S) 

Grumman Aerospace Corp. - A, Ferrara, G. Yenetchi, R. Haslett, R..Kosson 


References 

132 

CHARACTERIZATION 

Medium 8 PCM eutectics, eg KC1 • NaCl ■ MgCl 2 

Containment 32 Thin walled macro-encapsulation 

DESCRIPTION 

This concept is purely a variant of containment of PCM; no particu- 
lar cycle configuration was associated with it. In Thermal Energy Stor- 
age Heat Exchanger by the above authors (Reference 132), a group of 
alternative heat exchanger concepts for PCM are examined. In addition 
to variants of conventional tube and shell heat exchangers, a macro- 
encapsulated PCM concept is described (pp 4-52 to 4-55). Some problems 
with PCM heat exchange are expansion and contraction with change of 
temperature and melting/ freezing, and low thermal conductivity of the 
PCM which tends to build upon the heat transfer surface. A candidate 
solution to both of these is illustrated in Figure 4-32 from said 
reference. 

A solution to the low heat transfer through solid PCM is to provide 
a large ratio of area to volume of PCM. At reasonable cost this 
requires very thin walls of low cost material. The upper figure shows 
the “plank-shaped" blocks of container, thin so that the maximum 
required penetration distance is small, and wide to give a large area 
at low cost. If the PCM contained expands or contracts on freezing, 
the upper and lower walls are free to bulge outward, or bend inward, as 
shown. The maximum bending stress caused can be low if the walls are 
thin (stress varies as f3). The example given suggests a = 7.6 cm, 
b = 61 cm, t = 0.3 mm. 

The notched, shaped edge of the container is designed for easy, 
stable stacking of containers with a well-defined space .between them 
for fluid flow. 

The chapter also discusses briefly; 

® Fluidized microencapsulation (lOOp capsules) 

» Intermediate pumped loop (eg liquid metal) 

• Scrapers to prevent PCM adhesion 
® Heat pipe heat exchangers. 
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CONCEPT DEFINITION #49 


PROPONENT(S) 

General Electric Co. -Schenectady - H. Vakil 

F. Bundy 

References 

119, 146, 149, 154 

CHARACTERIZATION 


Medium 

83 

Molten salt (fluorides) M.P. 680°C 

Containment 

33 

Low pressure tank, immiscible fluid 

Source of Heat 

31 

He! i urn from HTGR 

Util ization 

1.1 

Increased steam flow through main 


turbine, steam generated through 
indirect heat transfer with PCM 


DESCRIPTION 

This concept features a base load nuclear power plant integrated 
with a thermal storage unit which supplies peak power. The thermal 
energy is stored in the form of latent heat The PCM used is a 
NaF-FeF 2 eutectic which has a melting point of 680°C. The eutectic 
slush is melted during charging by the helium heat exchanger at the 
right of the figure. This helium then goes to a helium-steam boiler. 

On discharge, to avoid poor heat exchange from solidification of 
the eutectic an intermediate immiscible-fluid direct-contact heat 
exchanger loop is used. Molten lead is used in the loop. Droplets of 
molten lead at 370°C enter the top of the storage vessel. They are 
heated to 680°C by latent heat flow from the eutectic during their 
descent. The thin crust of solid eutectic easily breaks up when the 
lead impacts rhe eutectic slush and pool of molten lead at the bottom. 
The molten lead then goes to a lead-steam boiler to generate steam at 
538°C. In order to keep the salt from solidifying into a solid imper- 
meable layer, helium is bubbled up from the bottom of the salt tank to 
agitate the salt and keen it broken up into small particles. This 
process is continued to a point where the slush is close to 
impenetrable. 

For peak power generation the main turbogenerator set is over- 
loaded by the steam generated from the stored thermal energy. 
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Turbulence loop 
introduced in modified 


Bundy system. 

Molten Pb 
-■=*” Globules 
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CONCEPT DEFINITION #50 


PROPONENTS ) 

Rocket Research Co. - E.C. Clark 


References 
98, 157 


CHARACTERIZATION 

Medium 33 

Containment 2 

Source of Heat 
Utilization 


Sulfuric acid, various concentrations 
Low pressure tanks (see discussion) 
Unspecified 
Unspecified 


DESCRIPTION 

The referenced work reports the heat capacity and enthalpy of the 
sulfuric acid-water system at temperatures to 290°C and the heat of 
reaction and adiabatic reaction temperature for the dilution reaction 
of sulfuric acid of various concentrations and initial temperatures. 
This work is primarily oriented to the laboratory scale investigation 
and system scale conceptualization of a thermal energy storage system 
based on the heat of dilution, of concentrated sulfuric acid. At the 
system level, the apDlication envisioned is the use of concentrated 
solar energy to separate water from 70% sulfuric acid during summer 
levels of insolation, and to recover the heat by combining the 
resultant 98% acid and the water during the winter for building 
heating. 

In the present context, interest in this work is confined to 
information relevant to the use of sulfuric acid of various concentra- 
tions as a sensible heat storage medium. For this purpose, data deal- 
ing with density, viscosity, heat capacity, vapor pressure, thermal 
conductivity, and material compatibility are required. The present 
report tabulates heat capacity values in 5% concentration steps and 
5°C temperature steps from 0°C to 290°C. The results above 80°C are 
extrapolations From published data up to that temperature (Socolik, 
A.S., Z physik. Chem. 158 , 305 (1932)) with the only verification of 
the higher temperature values being the "reasonably good agreement" 
between predicted and measured adiabatic dilution reaction tempera- 
tures. A table of material compatibilities indicates that there are 
several materials that can contain sulfuric acid to at least 300°C 
including cast silicon iron, Durichlor 51, Duriron D, Pyrex glass, 
and Teflon TFE (to 260°C). 
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CONCEPT DEFINITION #51 


PROPONENT(S) 

Eidgenossischen Inst, fur Reaktorfcrschung (Swiss) - M. Taube 


References 


166, 204, 205, 

206, 207, 208 


CHARACTERIZATION 

Medium 

26 

NaOH eutectic 

Containment 

21 

Low pressure storage tank 

Source of Heat 

26 

Live steam from LWR 

jJtil ization 

4.22,3.52 

Slush to octane to steam (latent/ 
latent HX) 


DESCRIPTION 


In this Swiss paper (in German) the authors describe two concepts 
for latent/latent heat transfer using NaOH and a second component such 
as CaO or NaNO^ which forms a eutectic slush with a melting point of 
260°C. In the first concept, one heat exchanger is used with live 
steam at 6.42 MPa (280°C) in the tubes and the slush circulated 
through the shell, to melt the PCM at 260°C. On discharge, the slush 
converts water at 120°C to steam at 240°C and 1.0 MPa,' leaving the 
slush temperature at 260°C but raising the fraction crystallized. 
Despite rapid flow there is a chance of a salt film building on the 
tanks of the HX. 


Blld 1: System mil Rohren-Wkrmcaiista’isdier 
test v ffosstg 

futek tikum Dampf 



lank WSrmeavstauschtr 


1QS% flossy 

futtxtikttm Dampf 



Blld 2- S) slom mil dliekltm Oklan-NaOH Wknaeauslatisdier 

octane 

Cr gasformig Dampf 



ENERGIE, Jiihrg 28, Nr 12. Dc/cmbcr 1976 
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The second concept cures this with an intermediate working fluid, 
octane CgHig. On charge, saturated steam at 6.42 MPa (280°C) heat 
exchanges to octane at 1.6 MPa (saturation temperature 270°C) . 

Liquid octane is boiled and passed over to a second heat exchanger, 
in which it is indirect contact with the PCM slush. Slush goes in 
the top of this direct HX as does the octane gas, which is condensed. 
Octane liquid is the more buoyant, but it is not made clear how per- 
fect separation is achieved. During discharge the octane pressure is 
reduced tol.4MPa, putting its boiling point below the slush tempera- 
ture. Direct heat exchange, with liquid octane entering the bottom 
of the direct contact HX, gasifies the octane which in turn creates 
steam at 1.0 MPa and 240°C in the indirect HX. 

The idea should avoid the conventional film problems of PCM 
materials, if the separation of liquid octane and slush can be 
effective. 
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